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Abstract 
In the twenty-first century, renewable energy capacity is growing exponentially every year. The 
photovoltaic (PV) system is the most dominant technology among all renewable technologies in 
terms of dispersion at consumer levels. The main point of distinction between this system and a 
traditional generation unit is that these PV systems are largely connected at a low voltage level and 
are spread sporadically throughout electricity distribution systems. With season, time of day and 
weather, PV power generation varies quite widely to an extent that existing PV systems are not 
prepared for. In the past, electricity distribution systems were designed only for downstream power 
flow as the power generation was considered to come from a common source. Because of the rapid 
expansion of network elements, huge amounts of PV generation and heavier unbalanced load, it is 
forecast that PV power generation will burden the network more than it can manage at the present 
time. For example, at different times of the day, generation may exceed the amount of load to be 
served due to the distributed generation units in the network. Therefore, the system could face a 
large amount of reverse power flow. This situation will put substantial pressure on electrical 
equipment that maintain the networks and gradually affect the high voltage (HV) networks.  
A large number of research studies have attempted to find a solution to this issue. There are works 
on controlling different devices such On Load Tap Changer (OLTC), Static VAR Compensator 
(SVC), and Step Voltage Regulator (SVR) etc. However, most of these have not been studied with 
models of compensation devices appropriate for real-world three-phase four-wire unbalanced 
systems. The effects of rapid PV generation variation need to be properly investigated. Efficient 
coordination is required that considers the timely operation of the mentioned devices according to 
their response celerity. Coordination also needs to maintain optimum cost, optimum voltage levels, 
and long-term stability. Therefore, an optimization technique is required to maintain the coordinated 
management system. 
In this research thesis, the work starts with developing an engine and modelling compensation 
devices to investigate probable critical voltage standard non-compliant scenarios with PV 
penetration and variation. Evaluating these scenarios considering voltage violation conditions and 
demarcating points of interest are the next vital steps. Algorithms will be proposed for a smart 
system to counter issues and attain optimality for both short and long term along with the time 
responsiveness factor of the devices. These algorithms would need to be assessed by different 
simulation strategies. This thesis will consider all pertinent matters and undergo rigorous 
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assessment to ensure practicality. Along with these aforementioned features, expandability will be 
kept in mind for future development. Academia and power industries will benefit from the studies 
on the realistic behaviour of devices, unbalanced network solutions, pragmatic coordination, and 
optimization of distribution systems etc. 
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Chapter 1 Introduction 
The sun is the most important source of energy for life on earth. It is an important source of 
renewable energy and the large magnitude of available energy makes it a highly appealing source of 
electricity. The annual potential of solar energy is 1,575 to 49,837 exajoules [1]. This amount is 
many times higher than the annual total world energy demand. According to the International 
Energy Agency [2], ―The development of affordable, inexhaustible and clean solar energy 
technologies will have huge longer-term benefits. It will increase countries‘ energy security through 
reliance on an indigenous, inexhaustible and mostly import-independent resource, enhance 
sustainability, reduce pollution, lower the costs of mitigating climate change, and keep fossil fuel 
prices lower than otherwise.‖ The most dominant sources of energy at this point are from coal, gas, 
hydroelectric, nuclear and oil plants [3]. Except for hydroelectric power, the other sources are either 
fossil fuels, which is a serious environmental concern, or nuclear energy, which is a dire safety 
concern. Solar energy generation has been increasing quite rapidly in recent years as one of the best 
environment friendly and safe renewable energy sources. However, there are concerns associated 
with integrating it into power systems due to its intermittent behaviour and dispersed expansion. 
1.1 Background 
By October 2015, the total PV capacity in Australia was 4.782 GW, which is eight times more than 
at the beginning of 2011 [4]. It has been found that the rooftop PV accounted for 15.3% of clean 
energy generation and 2.1% of Australia‘s total electricity production in 2015. In Queensland, the 
PV capacity is the highest of all states and is 31% of the total capacity in Australia [5]. It is 
estimated that 29.1% of domestic customers in Queensland have PV panels, which puts PV capacity 
in Queensland at 1.525 GW [6]. These installations have exceeded previous forecasts, making PV 
systems the fastest growing renewable energy source. Most of these generation units have been 
installed in distribution systems, and Figure 1.1 shows numbers of PV installations by postcode on a 
map of South East Queensland. The usual size of these units has increased from 1 kW in 2009 to 
4.5 kW in 2014 [6], which offers a better illustration of the increasing scale of the deployed PV 
systems. The projection in Figure 1.2 indicates the rapid rise of PV systems. In future with higher 
electricity prices and reduced costs of PV system installation and maintenance, the numbers are 
predicted to increase even more sharply than the current trend. 
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Figure 1.1 Postcode data for small-scale PV installations [7] 
 
Figure 1.2 Installed PV system capacity trend in Australia [3] 
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Additionally, the PV capacity of different postcodes shown in Figure 1.1 reveals the random nature 
of installations around South East Queensland. It can be see that there are a number of postcode 
areas with over 40% PV capacity. Therefore, these figures suggest strongly that at times the amount 
of PV generation might be quite higher than the amount of load in the local network during low 
load periods of a day. Hence, as opposed to the traditional electricity grid where the power flow is 
unidirectional from the power source to residential suburbs and industrial entities, future expansion 
will allow power flow direction to be both ways and random due to weather dependency. As current 
setup of the power grid includes component and management system with only traditional case 
considerations, it can be expected that the future of power systems will not be able to handle high 
PV penetration. Thus, this research will focus on high PV penetration and the effects on voltage in 
the distribution system. 
1.2 Motivation 
In the past, distribution systems consisted of completely passive elements. The unprecedented 
increase in PV generation in Australia has already started to affect the system to some extent [8, 9]. 
Due to current changes, the power flow direction has changed from one way downstream to 
bidirectional depending on the time of day. Consequently, a number of issues such as rise of voltage 
magnitude, reverse power flow, compensation device deterioration, and voltage flickers are being 
experienced more than ever [8, 9]. However, on the other hand the need for renewable clean energy 
such as PV is more pronounced, as it will ever be. Therefore, there have been numerous research 
efforts to increase the deployment of PV power systems and simultaneously studies to overcome the 
problems in integrating PV generation into distribution systems. 
In the past few years, the size of commercially available domestic PV systems has markedly 
increased. At the same time, the technology behind the PV systems to generate electricity has 
improved quite significantly. As a result, the currently available PV systems are providing different 
and considerable variations in power due to the weather dependent irradiation profile. This 
variability in power generation can have massive effects on a PV connected distribution system. A 
fast moving cloud, for instance, can quite rapidly affect the PV output of PV. The PV generation 
can rise sharply from a state of very low output due to cloud cover to maximum output due to high 
irradiation from a clear sky. The inverted scenario can occur to provide a sharp dip in generation 
and both cases can create noteworthy changes in voltage amplitude. Therefore, the varying effect of 
the PV integration is of critical concern. 
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PV system integration will quite significantly impact on the distribution system and, therefore, 
compensation devices will be required to manage the system to maintain supply within acceptable 
standards. The distribution systems are unbalanced by nature with three phases having unbalanced 
mutual coupling and unbalanced load demands, and at the same time, the compensation devices are 
not always developed in a balanced configuration. However, there is a lack of appropriate models 
for several of the compensation devices (e.g. step voltage regulator, delta-wye grounded 
transformer) and suitable simulation tools for three-phase four-wire unbalanced systems, which are 
essential to study the behaviour of distribution systems. These appropriate models and tools are 
required to study the effect of PV integration and establish procedures to manage the distribution 
system. 
Finally, procedures, techniques, and algorithms are required to control the compensation devices, 
which in turn will enable the maintenance of a healthy distribution system. Optimization techniques 
must be developed to incorporate algorithms put in place to control compensation devices. Most 
compensation devices have time dependent characteristics and limits to their capacity. These 
characteristics should be taken into consideration to justify mathematically sound procedures. The 
algorithms should be verified with the proper models and tools to demonstrate the efficacy of both 
short and long-term distribution system management. 
To summarize, there has been an obvious growth in PV systems being implemented into the 
existing distribution systems. At the same time, there are research gaps, which hinder the acceptable 
future expansion of PV integration into the unbalanced low-voltage networks. Some distribution 
utilities have concerns and have encountered obstacles to further PV development. A proper 
analysis of the distribution system is required, along with the development of appropriate models 
and tools to alleviate these concerns. To enable high PV penetration, these solutions should be 
developed using theoretically sound methodologies and algorithms. 
1.3 Objectives 
In order to thoroughly investigate and analyze the effects of high PV penetration and develop a 
smart management system, the following objectives will be considered in this research. 
 Study the variability of large-scale PV systems to estimate practical power input profiles 
 Develop models of network devices such as transformers, autotransformers etc. to replicate 
the distribution system and establish an efficient engine to solve load flow for unbalanced 
three-phase four-wire systems.  
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 Investigate real-world distribution network with realistic test cases to find points of interest 
by simulating the models with the engine. 
 Propose an algorithm for optimal coordination of devices (autotransformers, PV inverters, 
battery storage etc.) to maintain voltages within specified limits and to minimize costs (e.g. 
installation, running, maintenance) to develop a smart distribution system. 
1.4 Thesis Overview 
Chapter 2 reviews the literature on several topics of interest to this study. The first issue is the lack 
of large-scale PV variability studies. As PV systems expand, the characteristics of their irradiation 
profile need to be observed. The second issue is that PV installations cause voltage irregularities in 
distribution systems. These voltage concerns can originate in different ways. For example, due to 
the direct influence of PV system output, voltage can rise and drop quite rapidly. Furthermore, there 
are voltage regulation devices on the network that can act differently due to the voltage fluctuation, 
causing more voltage problems in the network. Another issue is the deficiency in proper 
investigations of real-world networks with appropriately modelled compensation devices. Both 
simulation techniques and modelling of power systems will be discussed to acquire a clear picture 
of the necessary steps. The final issue reviews the shortcomings of control systems to manage future 
distribution systems. In order to analyze the issues in unbalanced low-voltage levels, the existing 
theories and studies have been taken into consideration. Finally, this chapter provides an overview 
of the government and distribution utility agreements, policies, and practices to describe the 
acceptable framework over which the research has been conducted. 
Chapter 3 describes the large-scale PV variability study. An actual PV system was used and its 
behaviour was investigated over a long period of time. The analysis provided data to formulate the 
expected output pattern from a large-scale PV array. Results from the analysis were extracted to 
plot and reformulate a pattern for another high PV penetrated distribution system. Various 
interesting outcomes were gathered and used for further research work on realistic PV integrated 
distribution systems. 
Chapter 4 discusses the simulation and modelling of power systems. A tool to simulate power 
systems was developed for this study. Studies, tools and processes that have provided input to 
establish the simulation program are described in this chapter. This chapter further expands on the 
power system model that has been fed into the simulation tool to determine the voltage magnitudes 
across the network. The primary focus of these endeavours was to maintain the perfect replication 
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of a real-world scenario, so that the results can be readily utilized in industrial solutions as well  as 
future studies. 
Chapter 5 presents results from the investigation run on the developed tools to assess the impacts of 
high PV penetration in a distribution system. Taking the developed contents from Chapter 3 and 4, 
the variability of large-scale PV systems, simulation tools, and system models, research was 
conducted on a real-world University of Queensland distribution system. The results provide insight 
into the emergence of voltage issues, device malfunctions, fluctuation issues in the network etc. The 
outcomes also show the repercussions of high PV penetration into distribution systems on long-term 
analysis. 
Chapter 6 includes two parts of the smart management system. The first part is a coordination 
algorithm to manage several compensation devices in an orderly manner and with efficient voltage 
operation. To achieve statistical significance, the long-term effect has been shown as well. The 
second part is the optimization process. An optimization tool has been developed in this research to 
support the flexibility requirement of unbalanced three-phase four-wire power system optimization. 
Further, optimization techniques were developed to illustrate an efficient solution to manage a 
distribution network with high PV penetration. 
Chapter 7 summarized the work conducted in this research and delineates further research stages 
that are required in the future. 
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Chapter 2 Literature Review 
Photovoltaic (PV) technology had its beginnings in 1839 when French scientist, Alexandre Edmond 
Becquerel observed the physical phenomenon of light to electricity conversion [10]. But it was not 
until 1883 that the first solar cell was described by American inventor Charles Fritts [11]. However, 
a solar cell was first patented by Edward Weston five years later. Nikola Tesla also received a US 
patent for ―method of utilizing, and apparatus for the utilization of radiant energy‖, which was one 
of the most significant stepping stones of the technology [12]. It still took about 50 years to begin 
the commercialization of photovoltaic cells. In 1954, Bell labs exhibited the first high-power silicon 
solar cell [13]. The next 50 years turned out to be quite auspicious as PV systems flourished 
throughout the world on a massive scale with the achievement of lowered price and higher 
efficiency. 
From 1960 to 1990 there were numerous efforts from Japan, Europe, and United States to develop a 
range of implementations from small-scale power cells to stand-alone photovoltaic power systems. 
Japan took the lead in PV electricity generation in 1995 after it was hit by the Great Hanshin 
earthquake [14]. The temporary power supply was sourced by PV systems as the disrupted electric 
grid paralysed the entire infrastructure. As Japan began its large-scale PV system deployment, they 
remained the world leader until Germany toppled them in 2005. Germany was able achieve this feat 
due to the Renewable Energy Act they introduced in 2000. Feed-in tariffs were adopted as a policy 
mechanism and grid-connected PV systems have been expanding exponentially ever since [13]. 
Since the first government funded PV project, Japan‘s ‗Sun Shine Project‘ in 1974, PV power 
generation has been a focus of various research and development projects with the aim of feasible 
integration with existing systems [14]. The Public Utility Regulatory Policies Act of 1978 opened 
the door for customer owned PV generation systems to interconnect with the electricity grid in the 
United States [15]. As PV systems began to increase throughout the distribution networks, power 
utilities noticed a number of effects that were different to the conventional power systems. The first 
obvious effect is that instead of coming from one common point, power sources were dispersed 
throughout the network. Therefore, whereas previously the network was used to unidirectional 
power flow, now the power lines began to have two-way flow. At the same time, this bidirectional 
power flow was unacceptable for the existing control methods and protection devices. Secondly, in 
current scenario of some networks, the distributed PV capacity is quite large enough to account for 
considerable power flow in a direction opposite to the conventional direction. This result in 
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significant burden on existing devices in the network and on some occasions causes complete 
failure. In addition, the geographically random dispersion of the PV systems incrementally in the 
network makes it quite difficult to monitor and regulate the distribution network. Finally, PV 
systems are weather dependent during daylight hours. This makes the PV power generation 
unpredictable and fluctuating in nature. 
Due to these factors, several related issues emerged from the integration of PV systems into existing 
distribution networks. The issues include power fluctuation due to weather, consequent voltage 
fluctuation, pressure on protection devices, and unacceptable power factor when deploying 
compensation devices etc. Power utilities have encountered these phenomena and they may worsen 
to become regular issues with the fast growth of PV system capacity in distribution networks as is 
expected in the near future. Therefore, novel mechanisms are required to resolve these issues that 
can occur from the integration of PV systems into distribution networks. 
The aim of this research is to investigate the influence of large-scale PV generation variability in 
unbalanced distribution networks and to develop mechanisms to regulate the system to maintain 
supply within acceptable limits. Hereafter, the issues and related constraints will be discussed. 
2.1 PV Variability Study in the Literature 
The primary focus of this research is the integration of large-scale photovoltaic systems into the 
grid to allow for future expansion endeavours. PV installations have increased substantially all 
around the world and Australia has adopted this type of renewable energy faster than any other 
forms of renewable energy. As Queensland has the highest PV capacity in Australia, it is already a 
significant electricity generation source. The power utilities are considering its power variation and 
the impacts that it has on network performance. 
Meeting the terms and conditions of the connection agreement as set out by the power system 
operators is mandatory for any PV installation owner. In general, Australia Standard – AS 4777 
must be followed. However, PV installations over 30 kWp require negotiation with the local 
utilities to settle specific terms. A PV farm may need to comply with certain voltage ranges, ramp 
rate limits and reverse power flow constraints. In order to maintain the compliance criteria , the PV 
system proprietor requires knowledge of the PV output variability to select the correct type and 
sufficient size of reactive power compensation devices while considering cost and benefit [16, 17]. 
For example, if 90% of PV power variation within a short period statistically only occurs once 
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every three years, the owners will weigh the consequences first and then choose to completely 
compensate for a PV variability of 90% or a lower level to fulfil voltage fluctuation requirements. 
For distribution utilities, it is also crucial to understand the PV power variability of small PV 
systems collectively in a feeder or of a large PV farm at a single location in order to plan for the 
required additional compensation devices [16-18]. Moreover, necessary control coordination 
between network compensators, PV plants and loads can be accordingly designed [17]. This will 
help to avoid negative interactions between different controllers and undesirable impacts on 
network security. 
Lastly, for independent system operators (ISOs), it is essential to comprehend the PV output 
variability of a single large PV farm and all PV plants in a region or in a state or in the whole 
network. This will provide useful information for a better ancillary service plan and power dispatch, 
and it is also helpful for improving network operation stability and reliability. 
Therefore, PV power variability is of particular interest to PV farm owners, distribution utilities and 
ISOs. Related studies have been conducted over more than two decades with some early attempts 
starting in the late 1980s. The paper by Jewell and Ramakumar in 1987 [19] is one of the earliest 
studies on PV variability over areas of different sizes, from 10 km2 to 100,000 km2. This research 
concluded there is a tendency for a decline in the percentage of PV power fluctuations as a result of 
geographic diversity, which is known as the smoothing effect. But because of the limited 
availability of data at that time, the study could use only simulated solar irradiance data instead of 
measured data. Since then, many papers [20-31] have addressed PV variability modelling and the 
smoothing effect for a number of locations in different countries. Based on suggestions from 
Suehrcke and McCormick in 1989 [32] and Gansler, Klein and Beckman in 1995 [33], later 
researchers tended to use instantaneously measured high resolution data (normally over an interval 
of 10 seconds to 5 minutes) rather than the average hourly data. Many of these studies utilized both 
irradiance and PV power measurement. However, due to the different data recording resolutions, 
area sizes and weather patterns, the reported PV variability ranged from a few per cent per minute 
(or per hour) to many times that value.  
In 2009, Murata, Yamaguchi and Otani [34] investigated the geographic correlation between PV 
output fluctuations in different places in Japan and found that PV variability depends on the data 
recording interval and the physical distance between PV units. Larger distances and higher data 
resolution will result in lower variability correlation. Hoff and Perez [35] and Mills and Wiser [36] 
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in 2010 expanded the relationship developed by Murata, Yamaguchi and Otani [34] by including 
the number of PV systems and the dispersion factor, and formulating them into equations for PV 
output variability prediction. 
At the same time, the reasons for conducting the PV variability studies have never gone away and 
power engineers are concerned about the implications of PV generation uncertainty and the related 
costs associated with the necessity for additional regulation, power ramping requirements, and 
reserve adequacy [27, 37]. Many papers have explored these issues since the 1980s [24, 29, 36-44]. 
The main findings are that the rise in PV penetration requires increases in compensation devices, 
ramp rate and capacity of dispatchable generators while the subsequent costs and constraints may 
limit further PV development. 
In the literature, there is a lack of studies focusing on a relatively small area which is close to the 
size of a residential feeder with PV generation data recorded in high resolution over multiple years. 
Especially in Australia, such research has not yet been reported. In this paper, the University of 
Queensland (UQ) 1.2 MWp PV system with 1-minute data resolution over the last three years is 
utilized for PV power variability analysis. The output of different PV sites is recorded via 
synchronized instantaneous measurement. The whole system is situated in an approximate 700 m × 
150 m area which is similar to the range of a typical residential feeder. With more and more PV 
systems being connected to distribution networks, this study will certainly provide valuable 
statistical information to both distribution utilities and PV system owners for coordinating 
regulation and determining compensation for either large-scale or distributed small-scale PV system 
development. 
2.2 Voltage Issues in Literature 
2.2.1 Effect of Photovoltaic System Penetration 
Conventional networks were designed for unidirectional power flow. A usual operation scheme 
maintains that the current goes through line impedance to load points. This results in a voltage drop 
along the line from the source. Generally tap changers are deployed for voltage regulation in the 
network based on line drop compensation (LDC). This LDC estimates the voltage drop along the 
line until a point of interest by taking into account the current measurement. However, if there is 
more than one power source, such as in the case of distributed PV generation in the network, 
current measurement on the line would vary. Considering the characteristics of PV generation, 
fluctuation of power from the distributed sources is expected due to changing weather conditions 
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such as cloud movement. Oak Ridge National Laboratory was one of the first to study the effective 
integration of PV into the grid [45]. General Electric Co. also investigated the effects of distributed 
generation and storage [46]. All these works were later taken into account by Kalaitzakis and 
Vachtsevanos, who delineated the impact of voltage fluctuation and control methods on a single 
line network to stabilize voltage [47]. 
Although voltage regulators would face increased voltage cases more often than usual due to the 
integration of PV systems, it would worsen further with the increase in the level of PV system 
penetration into the network. PV system penetration is usually defined as the percentage of PV 
power generation compared to the total load. Ultimately, with high PV system penetration and low 
load demand, reverse power flows might occur. Therefore, voltage increases might become a 
consistent problem in the distribution network. Hence, high penetration of PV systems will 
introduce severe voltage fluctuation and reverse power flow scenarios in the existing power system. 
Several research efforts on high PV integration since 1983 have been conducted. While Ku et al. 
[48] evaluated the economic impact of PV penetration, Whitaker et al. [49] summarized the issues 
from a technology requirement point of view. The level of voltage fluctuation with PV penetration 
variation investigated in the study by Whitaker et al. will be looked into in the following section. 
In 1985, Chalmers et al. [50] studied the effects of PV power generation on the electric utility grid. 
Different levels of PV system concentration and performance characteristics were examined to 
observe the impact. At the same time, the performance of utility generation control was evaluated to 
sustain system operations and to avoid creating unusual problems. The Arizona based experiment 
found that a maximum of approximately 5% PV penetration was tolerable for their system. 
However, another paper published in the same year, experienced no such problems in experiments 
conducted in the Southern California Edison Central Station PV plant in Hesperia, California [51]. 
These were a few of the studies that began to observe the effects of PV system integration. 
A high PV system penetration experiment can be found in a 1988 study of the Public Service 
Company of Oklahoma system [52]. The study considered cloud transients with a 15% PV system 
penetration level and found significant power fluctuation issues in the system. The penetration level 
increased to 37% in a Gardner, Massachusetts PV research study [53]. However, the research was 
considering voltage harmonic measurements and not voltage and power magnitude fluctuation 
severity. Similar studies have not focused much on high PV system penetration until a British 
investigation of a balanced test network [54] increased PV system penetration from 30% to 50% to 
observe the impact of ten-minute-interval average voltage at low voltage customer connection 
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points. Although the simulation results produced an unacceptable level of voltage rise for the higher 
level of PV system penetration, it showed a strong correlation between PV generation and device 
over-usage (e.g. tap changers and capacitor banks). These works indicate that the high PV system 
penetration and consequent voltage issues lead to control device malfunction. 
Further work has been conducted on high PV system integration to the grid. For instance, a s tudy 
carried out by the National Renewable Energy Laboratory, USA in 2008 reported on an analysis of 
a large-scale PV system penetration at a transmission level [55], that was primarily focused on 
frequency and voltage stability using various control schemes. However, the effects of cloud 
transient effects were not considered. They extended this work by simulating for a three-phase 
balanced distribution feeder with 5% to 50% PV system penetration [56]. Several voltage control 
methods were employed in a static analysis, such as reactive power injection, tap changers and 
capacitor banks. The study showed voltage management might be possible with proper schemes, 
but several voltage fluctuation scenarios were not observed without the transient cloud effect from a 
time domain analysis. Another investigation on transmission networks with high PV cloud 
penetration considered transient stability of the system [57]. The analysis was in terms of line 
voltage stability with irradiation variation, different PV system penetration levels, inverter control 
schemes etc. The simulation done on IEEE 39 bus systems revealed that a high level of PV system 
penetration caused significant and rapid changes in PV power output and consequently voltage 
fluctuations. As increased PV system penetration levels made the system vulnerable to non-
compliant voltage magnitude faults, several voltage control strategies presented in the study proved 
to improve stability. Even so, cloud transitional resolution considered in the study was taken into 
account in other reports and was shown to be rather smooth and slow [58]. With realistic irradiation 
variation expected to be more erratic, further analysis might find more issues regarding voltage 
fluctuation, flicker and voltage regulator problems. 
In the literature, there are a number of studies focusing on the effects of PV output fluctuation on 
voltage amplitudes [59]. Tonkoski, Turcotte and El-Fouly investigated the impacts of high 
photovoltaic penetration on voltage profiles for low voltage level residential neighbourhoods [60]. 
Their study considered the role of feeder impedance, feeder length and transformer short circuit 
resistance, but the unbalanced nature of the low-level network was not taken into account. In 
contrast, taking an unbalanced network into consideration, analyses conducted on the sensitivity and 
stability of voltage in distribution networks with high PV system penetration [16, 18] found that 
fluctuations in PV power generation could cause rapid changes in voltage magnitude and uneven 
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changes across the phases. Later, Alam, Muttaqi and Sutanto investigated the impacts of PV output 
fluctuation and proposed a computational tool to identify excessive changes in the characteristics of 
voltage levels, reverse power flow, feeder power loss, voltage unbalance, and tap operation [61, 62]. 
However, these studies have not addressed long-term dynamic impacts of PV system integration on 
voltage variations, which can reveal essential information on the statistical performance of a 
distribution network. 
In summary, all of these investigations provided insight into various major problems associated 
with the integration of PV power in the electricity grid. For a number of them the PV system 
penetration was insignificant, while others provided ample justification that increases in the 
penetration level will cause difficulties. Both static and dynamic scenarios were examined for PV 
system integration with grid. It is obvious that, cloud induced fluctuation in high photovoltaic 
penetration is a serious concern. Most studies lack an unbalanced distribution network analysis 
which is the usual case in the real world. Therefore, proper analysis of PV system integration into 
low voltage unbalanced networks is required. 
2.2.2 Voltage Regulation 
There are numerous studies in the literature on the interaction between photovoltaic systems and 
voltage regulating devices. From the last section, voltage issues caused by PV systems were 
mitigated by a few control methods in different investigations. These corrective methods are 
required to reduce the integration effects of increased PV capacity in the existing distribution 
networks. These methods to regulate voltage can be divided into two main categories: low voltage 
level regulation and higher voltage level regulation. The higher voltage level is primarily 
maintained by the power utilities and includes voltage regulation devices such as on-load tap 
changer (OLTC) transformers, step voltage regulators (SVR), capacitor banks etc. Low voltage 
level regulation can consist of PV inverter controllers, battery storage, reactive power compensation 
devices etc. Voltage regulation methods can be categorized into three classes: tap changers, reactive 
power compensators, and real power compensators. 
2.2.2.1 Tap Changers 
On-load tap changer (OLTC) transformers, under-load tap changer (ULTC) transformers and step 
voltage regulators (SVRs) rely on tap changers and line drop compensators (LDC) to control bus 
voltages of a certain point. An LDC is a unit that estimates voltage dropped from the beginning of a 
feeder to a point of interest by calculating the product of line current on the feeder and the pre-set 
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value of impedance of the power line. Depending on the estimated voltage drop from the LDC, tap 
positions of devices are raised or lowered to meet a predefined target voltage at the point of interest. 
Interaction between tap changers and photovoltaic systems has been the focus of several recent 
studies. A time domain assessment of a dynamic adjustment method of OLTC parameters with 
reactive power support enabled distributed generator was conducted by Ranamuka, Agalgaonkar 
and Muttaqi [63]. The relationship between the distributed generator and tap changer was depicted 
in the work, where the objective was effective voltage control. Similarly, to regulate voltage 
magnitudes, coordination between OLTCs and static VAr compensators within a distributed 
generation network has been investigated by considering these devices in uniform or independent 
operation across phases [16]. However, the networks in these studies can still have over/under 
voltage concerns if the interactions between PV systems and tap changing regulators are considered 
in the context of weather dependent PV generation. A yearlong examination on tap changing 
operations was conducted by Yan and Saha [17] that considered cloud induced PV fluctuations at 
different PV system penetration levels. Although this investigation described the impacts of PV 
fluctuations on voltage amplitudes, the study was not performed on an unbalanced network. An 
online method was developed to control voltage by regulating OLTCs and SVRs in a network with 
a large number of distributed generators [18]. However, this research needs to address the impacts 
of the interactions of PV fluctuations and SVRs taking into consideration different SVR connection 
types (such as open-delta, open-wye etc.).  
2.2.2.2 Reactive power compensation 
Voltage regulation by reactive power compensation is one of the most cost efficient and effective 
methods. There are a number of variations to provide reactive power compensation such as inverter 
control, static VAr compensators (SVCs), STATCOM and capacitor banks etc. These devices have 
the capability of utilizing their fast responsive characteristics to quickly regulate network voltage. 
There are diverse works available in the literature that contributes voltage regulation methods to use 
in association with PV systems. 
Reactive power control by PV inverters to regulate feeder voltage levels was discussed by Liu et al. 
[56]. Although they presented the effects of introducing reactive power compensation with PV 
systems, their study did not consider PV variability over time. Further inverter based reactive power 
control was investigated by Prodanovi et al. [64] for voltage regulation as an ancillary service in a 
low voltage network. Despite the traditional theories supporting the relationship between voltage 
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and reactive power, voltage regulation might be insufficient to control reactive power in power lines 
of different resistance to reactance (R/X) ratios. The voltage support profile in low voltage networks 
was shown to vary depending on the R/X ratio by Blaži and Papi [65]. Kashem and Ledwich [66] 
presented the different results of inverter control schemes based on the voltage sensitivity of lines 
with low and high R/X ratios. The outcome indicated an inverse proportional relationship between 
the R/X ratio and the capability to provide sufficient reactive power injection for voltage regulation. 
The same notion was asserted by Tonkoski and Lopes [67] from their examination of high R/X ratio 
power lines in low voltage distribution systems with high PV system penetration. Therefore, the 
effectiveness of reactive power compensation is deemed to be highly influenced by the R/X ratio of 
the distribution network. 
Vovos, Kiprakis, Wallace and Harrison [68] showed that centralized voltage control can be 
achieved by maintaining power factor in a low voltage network with distributed generators. Their 
study introduced intelligent management that relied on sensors and communication between 
network devices and on injecting reactive power to regulate voltage depending on the voltage 
measurements of inverters. A similar voltage regulation method was implemented by Carvalho, 
Correia and Ferreira [69]. This study presented an algorithm to mitigate voltage rise in the 
distribution system in the presence of distributed generators by reactive power support from 
inverters. Thus, numerous methods have been deployed to make reactive power support viable for 
distribution systems with high PV system penetration. Additional research is required to cope with 
the problems related to time variable PV influence in unbalanced three-phase systems. 
2.2.2.3 Real power control 
Photovoltaic systems can provide a substantial amount of real power to the distribution network. 
This power generation can be controlled via various methods to maintain acceptable voltage 
magnitude. PV power curtailment is one of the most discussed methods; however, it is quite 
undesirable due to the wastage of renewable green energy. Other effective methods include the 
incorporation of energy storage equipment. Storage devices can preserve and deliver real power to 
control the current flow in distribution networks. Nonetheless, concerns such as system 
management and the economic viability of storage systems means that further research is required. 
There are several studies where energy storage devices were introduced alongside PV systems in 
the distribution system. A two year study on distributed systems with battery storage was performed 
to determine the appropriate storage size required for minimum cost [70]. The work controlled the 
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battery to charge from the grid or distributed systems and supply power to loads when necessary. 
Similar schemes using a probabilistic method were employed by Barton and Infield [71] to cope 
with similar scenarios. Their experiment deployed energy storage management to overcome 
fluctuations from the distributed system and to mitigate voltage rise and reverse power flow in the 
power network. Research by Hossain, Yan, Saha and Garrone [72] also indicated the effectiveness 
of real power management. Their work provides evidence that even for different types of power 
lines with widely different R/X ratios, real power can support voltage regulation. These works 
suggest the applicability of battery storage units as the real power management instrument. 
However, further research is required to find efficient methods to solve the problem of the impact of 
PV variability in unbalanced low voltage networks. 
Storage units are still very expensive and come with a limited life span. However, storage devices 
remain the best apparatus to preserve energy and provide efficient management of power flow for 
varied network types. The feasibility of storage units should be determined with respect to PV 
system integration in distribution networks. 
2.3 Modelling and Simulation Issues in the Literature 
Power flow solutions have been used in power system studies for many years and are a requirement 
for simulating such systems. From the first time Newton‘s method was introduced to solve power 
system non-linear equations [73], there have been numerous efforts to develop solutions for various 
complicated iterations of power systems. One of the most recent developments to achieve faster 
solutions is the Current Injection Method (CIM) [74]. Garcia et al. [75] extended the method to 
support three-phase unbalanced systems. Further study included the four conductor power system, 
which can be described as a low voltage wye-grounded distribution system [76]. To run a proper 
simulation of a power system, proper models of power lines and control devices that exist in the 
network must be developed. 
Past literature has presented models for various devices but some of them are insufficient for proper 
real-world case simulation. Firstly, to use CIM in complex systems, device models were developed 
for a voltage regulator and a thyristor controlled series compensator suitable for three-wire systems 
[75]. This work provided a general model for regulators. In practical scenarios, regulators have 
different connection types, which would require specific models to simulate. The integration of 
medium voltage (MV) and low voltage (LV) networks for three-phase power flow was conducted 
specifically focusing on rooftop solar PV systems [61, 62]. However, the regulators were not 
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properly modelled mathematically to allow power flow studies in three-phase four-wire unbalanced 
networks. Voltage control by tap changers and autonomous regulators were discussed by 
Agalgaonkar, Pal and Jabr in their study on the impacts of PV generation [77]. They mention a few 
operational modes of the regulators but do not model those separately so that they could be applied 
to solutions for unbalanced load flow. Another model concern is the transformer. An active power 
curtailment solution was developed by Tonkoski, Lopes and El-Fouly [78] for grid-connected 
inverters to prevent overvoltage. And Daratha, Das, and Sharma [79] introduced OLTC and SVC to 
develop coordination solutions to regulate voltage for unbalanced distribution systems. However, 
neither of these works mathematically modelled the transformer for four-wire systems and with 
regard to the time delay in the response of the device. Finally, PV inverters had simulation issues 
too. Researchers have studied the impacts of PV inverters on overvoltage cases for specific 
households [60, 78]. Obtaining load flow solutions using a generator bus would provide acceptable 
results in a real world context. These devices and some others such as STATCOMs, SVCs, and 
storage systems may need to be developed properly to study the effects of compensation devices in 
networks. 
With a rapid increase in distributed generation (especially photovoltaic systems) installed in low-
voltage (LV) systems, distribution network analysis has become substantially more common in 
recent years, and it has a tendency to utilize more accurate models for representing network 
unbalance [80] and applying long-term evaluation methods (e.g. probabilistic load flow [81] and 
Quasi-Static Time-Series [17]) to acquire statistical significance. This is mainly driven by 
distribution utilities for examining integration impacts of high PV system penetration, which they 
had never previously encountered. For example, this research originated from the need for an 
evaluation of the proposed integration of the University of Queensland (UQ) Gatton campus 3.3 
MWp PV system into the local network. The Gatton network contains Open-Delta Step Voltage 
Regulators (SVRs) and Delta-Grounded Wye (∆-Yg) transformers with non-transposed distribution 
lines. Moreover, the PV system capacity is greater than the campus peak load; therefore, the local 
electricity utility requires a detailed study before arranging a connection agreement. 
The Open-Delta SVR configuration is well-known in the literature, and details of it can be found in 
major distribution system analysis books [82-84] and manufacturer‘s manuals [85]. However, its 
model has been defined as ideal auto-transformers with tap ratios being simple scalars between 
input and output voltages (or currents). As a result, the model does not provide an apparent 
relationship between voltages and currents, and consequently it is hard to form an admittance 
 18 | P a g e  
 
matrix for an Open-Delta SVR for load flow programs. Although some basics can be taken from the 
Open-Delta / Open-Delta transformer model [86], it is fundamentally different in system 
configuration. 
The Delta-Grounded Wye transformer model is better established than that of the Open-Delta SVR. 
It can be traced back to the early 1970s when Dillon [87, 88] and Mo-Shing and Dillon [87, 88] 
formulated admittance matrices for the most common three-phase transformer connections 
(including ∆-Yg) These models were further extended later in 1990s [89, 90] to models which are 
very close to those to be presented in this paper. However, these established models rarely included 
neutral and ground, which may be due to the assumption of a solid grounding on the Wye side [83, 
91]. But this cannot be adopted for analysing Australian networks, as the standard grounding 
impedance can be significant, which leads the neutral wires to carry most of the return current [92]. 
Therefore, neutral voltage rise and current unbalance are certainly of interest to the investigation, 
which means that neutral and ground need to be considered in the models for network analysis. 
The motivation for this research comes from Gatton PV system integration, where the PV system 
capacity is considerably larger than the campus load. Further, system unbalance is also a major 
concern due to a number of factors. For example, the Open-Delta SVR has an unbalanced 
configuration with separately controlled taps, and the distribution line and load are unbalanced and 
are connected to ∆-Yg transformers with significant grounding impedances. Therefore, appropriate 
modelling of the network is of the most importance. This thesis establishes the complete models of 
the Open-Delta SVR and the ∆-Yg transformer in the form of an admittance matrix, which can 
readily be applied to different load flow programs. The development will not only be essential for 
the Gatton PV system integration, but also provide valuable tools for further distribution network 
analysis. 
2.4 Optimization Concerns in the Literature 
Optimization of load flow solutions by coordinating compensation devices is the primary key to 
developing a smart system. Coordination between OLTCs and SVCs has been analysed by Daratha, 
Das and Sharma [79]. Other works focused on VAR sources in a multi-time scale coordination 
study [93] and OLTC with distributed generator (DG) support [63]. Voltage variation and tap 
changes against reactive power injection of PV systems with active power curtailment were studied 
by Ghosh, Rahman and Pipattanasomporn [94]. Overall, these studies present some coordination 
techniques with OLTC, SVR, SVC, capacitor banks, and PV inverters. In addition, there is the 
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potential for the widespread use of storage systems. The research of von Appen, Stetz, Braun and 
Schmiegel [95, 96] and Dinghuan and Hug-Glanzmann [95, 96] has shed some light on 
incorporating batteries into distributed generation incorporated networks. The issues with these 
works include redundant operation of devices, incapability to handle consecutive disturbances and 
unnecessary computational burden.  
Those issues can have the following consequences. Firstly, if compensation devices start to react at 
the same time in the case of a fault, over-compensation may occur due to redundant responses of 
more than one device. The repercussions might be oscillation and violation of voltage levels in the  
network. It also might not be the best solution in terms of cost due to the unnecessary operation of 
the devices. Another consequence is that in such cases of disturbance, the fastest and most 
responsive devices might already be operating at capacity and, as a result, may not be able to react 
when another disturbance occurs, leaving the system in jeopardy. Lastly, computational burden 
might vary depending on whether the devices are operating in response to local information or are 
controlled centrally. Central control requires higher processing complexity and time but can provide 
better overall network management by computing the optimum solution. On the other hand, local 
mode can provide a prompt response to a disturbance but it might provide oscillation and failure in 
a consecutive fault. Local mode also does not resolve load flow optimally for the network. 
Therefore, the solution of absolute centralized control or complete decentralized operation might 
not provide the best solution for voltage magnitude stability. 
The second key to a smart system is the communication segment. Communications were offered in 
a method for voltage regulation of multiple devices in a distribution system [97] and in a reactive 
power injection method for PV inverters [98]. However, the concept of dedicated communications 
is quite impractical. Public internet may be a solution that is more economically viable and widely 
available. Even so, the potential of congestion and partial or complete loss of connection over the 
internet may be of concern and requires study to analyse the failsafe strategies to ensure the 
system‘s robustness. 
2.5 Related Policies and Practices 
Australian Standard AS60038 states a standard nominal voltage of 230 volts (0.94 pu to 1.10 pu)  
[99]. However, according to the Electricity Regulation 2006, in Queensland the standard voltage for 
supply at low voltage is 240 V with an accepted range within ±6 percentage, which will be utilized 
in this research [100]. 
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To integrate photovoltaic systems into a distribution network, the standards that must be followed 
are AS 4777 and AS/NZS 5033. The 2013 version of AS 4777 is currently being drafted, and 
AS/NZS 5033 has been implemented since 2012. These standards mandate that PV systems run on 
a certain power factor limit of 0.9 leading to 0.9 lagging, which is one of the constraints to be 
followed in this thesis [101]. In addition, in different real case scenarios, up to 90% of variation n 
irradiation has been taken into account for any given PV system. This number was acquired from 
the data provided by the local energy distributor [102]. 
In this investigation the results are analysed taking into account the respective standards of voltage 
magnitude, phase unbalance and voltage fluctuation, which are followed by the local electricity 
distributor. Firstly, temporary voltage violation is accepted in up to 1% of measurements or 100 
minutes in a week [8]. Next, according to IEEE Std. 1159-2009, supply voltages are typically 
regulated at less than 1% unbalance, although 2% is not unusual [103]. To calculate the unbalance 
percentage the following equations [103] have been utilized, where                 are phase to 
phase voltage between Phase A-B, Phase B-C and Phase C-A. 
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Finally, the AS 2279.4-1991 standard [104] is followed for evaluating voltage fluctuations by the 
Queensland distributor. To analyse the interaction between SVR and PV in terms of voltage 
magnitude and fluctuation over the long term, a few considerations have to be taken into account. 
Firstly, based on the SVR setting in the Gatton network [102], a 2-minute response delay has been 
adopted for the SVR in this study. The investigation utilizes 1-minute intervals for a quasi-static 
time series analysis, which is adequate to incorporate the SVR operation delay. Due to cloud 
induced PV output fluctuations, voltage variations are expected; therefore, the standards of 
perceptibility and irritability (terms taken from [104]) are used for evaluating the impacts of PV 
influenced voltage fluctuations. Tables 2.1 and 2.2 list the standard criteria of the relative voltage 
change thresholds and the respective permitted violation allowance. 
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Table 2.1 Values of threshold of perceptibility [104] 
Acceptable Maximum Occurrences 5 10 20 30 60 
Hourly relative voltage change thresholds (%) 0.50 0.40 0.35 0.30 0.27 
Daily relative voltage change thresholds (%) 1.60 1.30 1.10 1.00 0.80 
Table 2.2 Values of threshold of irritability [104] 
Acceptable Maximum Occurrences 5 10 20 30 60 
Hourly relative voltage change thresholds (%) 1.60 1.35 1.20 1.10 0.95 
Daily relative voltage change thresholds (%) 4.20 3.70 3.00 2.70 2.40 
 
2.6 Summary 
The amount of PV generation in distribution systems has increased many times throughout the last 
couple of decades. This increase does not only reflect the number of units deployed but also the 
capacity of the units. Therefore, the output capacities of the PV systems are now significantly 
comparable to the loading in the distribution units. Simultaneously, weather dependent power 
output variation causes more impact to the connected grid than ever. The literature covers many 
aspects of PV system penetration at different levels, but more studies are required to provide 
comprehensive knowledge about high PV system in low voltage networks. 
This PV variability leads to voltage issues in distribution networks, which is of primary concern. 
Voltage issues are raised from the both the penetration level and fluctuation levels of the PV 
systems connected to the grid. Moreover, these phenomena affect the voltage regulation methods as 
well. Regulation methods via tap changers, reactive power and real power compensation face cases 
of hunting to maintain suitable voltage magnitude. Devices deployed to support these methods are 
overburdened with the additional power fluctuation from PV systems, thereby causing device 
malfunction, unacceptable voltage violation, excessive maintenance costs, flicker etc. With respect 
to the high PV capacity in distribution networks, the impacts on voltage magnitude should be 
investigated thoroughly to avoid the aforementioned undesired scenarios. 
The next concern is the procedure to conduct the study, which is simulating the real system with 
proper models that reflect the real-world cases. The literature provides countless works on 
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simulation and modelling, but these do not cover several significant factors required to replicate 
suitable practical power systems. The existing power flow solutions need to be assessed to affirm 
their suitability to use with PV system integrated networks. The models of the compensation 
devices will be designed from actual configurations and considered in a time domain analysis.  
The final matter of interest is the smart management system that includes optimization methods to 
complete the study with results that may be applied in real-world scenarios. One of primary topics 
that is lacking in the literature on optimization with PV systems is the time variant impacts on the 
distribution network. The time variant impacts can be better controlled with coordination of devices 
installed throughout the power network. Proper usage of device capacity and responsiveness can 
improve the voltage magnitudes and provide cost effective device deployment to accommodate 
distribution networks. In addition, the communications to supplement the coordination procedure 
are incorporated into the smart management system. 
Therefore, the factors that are essential in order to study the impacts of high PV system penetration 
in low voltage distribution networks will be considered in this thesis. The study will support real-
world scenarios and establish a platform for future studies. Both academia and industry will be able 
to incorporate this work to proliferate renewable energy, and specifically PV systems, reuse 
practical models of network devices, run realistic simulations of distribution networks and employ 
smart management systems to support unbalanced low voltage networks.  
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Chapter 3 Large Scale PV Variability Study 
In order to study high PV system penetration in the distribution network, large scale PV output 
needs to be investigated. The power output variability characteristics of large-scale PV arrays can 
be extended to solar arrays of similar dimensions. The University of Queensland (UQ) has two 
major PV arrays that provide the opportunity for extensive investigation to determine the probable 
pattern of weather dependent PV power output. The PV array at the University of Queensland St 
Lucia campus has been in operation for a few years and is a source of reliable irradiation profile 
information. The variability of the irradiation profile from this large-scale PV system is the focus of 
study in this chapter, which is primarily based on paper [105] written by the MPhil candidate. 
3.1 UQ 1.2 MWp PV System 
The UQ 1.2 MWp PV system is installed on the rooftops of four buildings across the UQ St Lucia 
Campus (Brisbane, Australia): Multilevel Car Parks 98A and 98B, Sir LIew Edwards Building 
(Building 14) and the UQ Centre (Building 27A) [106]. This distributed system consists of 5004 
polycrystalline PV panels (TSM-PC05, 240 Wp [107]). The PV systems installed on the two car 
parks (98A and 98B) are identical; each with a 338.9 kWp capacity (1412 panels). Building 14 has 
a much smaller PV capacity of 89.9 kWp (374 panels), and the largest system is on Building 27A 
with a capacity of 433.4 kWp (1806 panels).  
The four PV sites are distributed over an area of around 700 metre x 150 metre as shown in Figure 
3.1. This dimension is comparable to a long low-voltage residential feeder with high PV penetration 
or a solar facility of several MW situated at one location (such as the UQ Gatton campus 3.4 MWp 
PV system to be presented later); therefore, the percentage variability of this PV system should 
reasonably represent power fluctuations of distributed PV systems at a residential feeder level as 
well as output variability of a multi-MW solar farm. This is the main reason why the UQ PV system 
can provide meaningful statistical information to both solar farm owners and distribution utilities 
for tackling PV system induced voltage regulation issues. 
All PV sites were brought to normal operation by the end of July 2011, and this study covers a 
three-year period from August 2011 to July 2014. The data logging system synchronizes the clocks 
of all sites and instantaneously collects measured data with a 1-minute resolution (PV power). 
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Figure 3.1 Dimension and capacity of the UQ 1.2 MWp PV system [108] 
3.2 Overview of PV Generation and Analysis 
3.2.1 Overall PV Power Generation 
The overall PV power output over the three-year period is illustrated in Figure 3.2(a). The seasonal 
effect can be clearly observed. The whole system generated the highest amount power at close to 
the 1.2 MW rating during the summer (December to February in Australia), and produced much 
lower outputs during the winter (June to August). Therefore, it is evident that the majority of the 
most severe cloud induced PV power fluctuations should occur between late spring to early autumn. 
However, it is hard to visualize PV output variability from Figure 3.2(a). To give a clear picture of 
PV power variation, a sample week in January 2013 is shown in Figure 3.2(b). It can be seen that in 
six out of the seven days, the PV system was heavily affected by cloud movement. 
The monthly energy yield over three years is depicted in Figure 3.2(c), which provides useful 
information to solar PV plant owners. The PV energy generation in winter months can be as low as 
half the energy production of summer months. It can be seen that the tendency of the overall energy 
profile coincides with that of the power profile in Figure 3.2(a). 
3.2.2 Definitions and Approaches for PV Power Variability 
Eq. (1) is applied for calculating PV power (   ) variation in x-min intervals, where x-min may be 
1-min, 2-min or 5-min in this study. The calculation is based on instantaneous measurements with a 
moving window for multi-minute resolutions (instead of average values), which has the advantage 
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of better representing the true changes in PV power, providing a uniform base for all time 
resolutions and obtaining possible PV power variations in any x-min. Based on this definition, 
       means power rise, while        means power drop. To better present the scale of 
changes, per unit system (equivalent to percentage) is utilized. For PV power, the UQ PV system 
ratings of overall and individual sites are chosen as bases for per unit (pu) calculation. 
                                                                   (1) 
(a) UQ PV power recorded over three years with 1-min resolution 
 
             (b) UQ PV power – a sample week in summer (1–7 January 2013) 
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(c) UQ PV monthly energy generation recorded over three years 
 
Figure 3.2 PV power output and energy generation 
3.3 PV Power Output Variability 
3.3.1 Distribution of the Number of Events 
3.3.1.1 Overall System 
The distribution of the number of events (all      calculation) for the overall PV system is shown 
in Figure 3.3(a). It can be noted that the majority of variations are centred on 0 with a very small 
standard deviation, and the deviations get a little bit larger (a wider base) for longer observation 
intervals. This means PV power variations are mainly slow and smooth in nature. However, 
occasionally they can become very significant, sometimes more than 80% of the rated power, due to 
movement of fast and thick clouds over the area (Figure 3.3(b)).  
Table 3.1 has listed all events in which the PV output has changed more than 80% of its rating. For 
both 1-min and 2-min intervals,          has only happened once each in the same day (2012-
10-23 late spring), however, there were more opportunities for such events in a 5-min scale (8 
incidents). This is mainly due to the smoothing effect of the geographically distributed PV systems. 
It really requires rare and special (thick and fast) clouds to cover the area within a 1-min or 2-min 
period, however, in the 5-min scale a total coverage by thick clouds becomes more probable. It can 
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be noted that most of these events happened during later spring, summer and early autumn (except 
two incidents in one particular day in winter: 2011-08-23), and all of them occurred during the peak 
solar radiation window from 10.30 am to 14.30 pm. It can also be seen that the power fluctuation 
for the overall PV system over the three-year period has never been greater than 85%. 
                            (a) All events                           (b) Focusing on the large variation events 
 
Figure 3.3 Distribution of the number of events for the overall system over three years 
 
Table 3.1 Significant PV power variation events for the overall system – |∆Ppv| ≥ 80% 
Time Interval Date (yyyy-mm-dd) Time (hh:mm) ∆Ppv (%) 
1-min 2012-10-23 10:44 81.5 
2-min 2012-10-23 10:50 82.2 
5-min 
2011-08-23 11:41 -80.6 
2011-08-23 11:42 -84.0 
2012-10-23 10:45 -83.5 
2012-10-23 10:50 81.4 
2013-01-30 10:54 82.5 
2013-11-24 14:13 81.4 
2013-11-24 14:14 82.7 
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2014-03-13 12:22 -80.3 
 
3.3.1.1 Summary of the Number of Significant Events for All Sites 
Very detailed information can be presented using the approaches such as those used in Figure 3.3 
and Table 3.1 in the last sub-section; however, this will become very complicated when comparing 
between different locations. Since the significant events (large PV fluctuations) should be the focus, 
a summary of the number of such events over a three-year period is listed in Table 3.2. The 
following are the observations made from this table.  
Table 3.2 Summary of the number of significant events over three years 
PV Site ∆Ppv Time Interval 
Power Drop 
∆Ppv < 0 
Power Rise 
∆Ppv > 0 
27A 
≥ 80% 
1-min 1 7 
2-min 4 15 
5-min 19 43 
75–80% 
1-min 32 59 
2-min 74 144 
5-min 159 257 
98A 
≥ 80% 
1-min 2 8 
2-min 3 18 
5-min 28 37 
75–80% 
1-min 29 89 
2-min 73 169 
5-min 187 334 
98B ≥ 80% 1-min 2 9 
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2-min 2 18 
5-min 25 23 
75–80% 
1-min 27 69 
2-min 55 137 
5-min 167 298 
14 
≥ 80% 
1-min 4 6 
2-min 7 11 
5-min 23 32 
75–80% 
1-min 41 64 
2-min 79 139 
5-min 159 244 
Overall 
≥ 80% 
1-min 0 1 
2-min 0 1 
5-min 4 4 
75–80% 
1-min 4 2 
2-min 4 19 
5-min 24 77 
              
The events of              happened far more frequently than those of          at all 
time-resolution levels. 
Due to the smoothing effect, there were more incidents of significant power variations in longer 
time-resolution scales than in shorter ones. 
For the individual sites (27A, 98A, 98B and 14), although the PV area coverage of building 14 is 
the smallest (Figure 3.1), it does not mean that more severe incidents would be observed there as 
compared to the other sites. On the contrary, the statistics show that most of the sites show more or 
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less the same level of incidents. This is potentially due to the relatively small scale of each site, and 
a 1-minute resolution may be too long for such a scale, which makes little difference in terms of full 
cloud coverage. 
The overall system had considerably fewer events at all time-resolution levels as compared to the 
individual sites. This further supports the spatial smoothing effect and the appropriateness of 
applying 1-minute resolutions to such areas to investigate the smoothing effect. 
More significant power rise (      ) events have been observed than power drop (      ) 
events for almost all sites and the overall system at all time-resolution levels. This is mainly due to 
the characteristics of PV panels and, in particular, the PV temperature effect. When clouds cover a 
PV system, the PV power will decrease. During this period, with less sunlight radiation and power 
generation, the PV array temperature will decline, which makes the PV panels more efficient. 
Therefore, after the clouds move away, for the same solar irradiance the PV system will be able to 
produce more power than it did before the cloud coverage.  
3.4 An Application Example 
To further demonstrate the value of the statistical analysis provided in this paper, an example of its 
application is presented in this section. In late 2013, the University of Queensland was granted 
funds to complete a 3.4 MWp PV plant at the UQ Gatton campus, which has an approximate area of 
700 metre  300 metre (slightly bigger than the example in Figure 3.1). The local power network 
structure is shown in Figure 3.4 [102]. The Gatton substation transforms grid voltage from 33 kV to 
11 kV, and then the 11 kV network stretches around 7.5 kilometres to serve the UQ campus load, 
which normally ranges from 1 MW to 3 MW [80]. The line voltage is traditionally supported by a 
step voltage regulator (SVR), which has an action time delay of 2-minutes according to the 
regulation rules. The PV system, which comprises five identical 684 kWp array blocks in parallel, 
was planned to be connected to the 11 kV level. Based on the connection agreement [109], the 
voltage fluctuation limits are summarized in Table 3.3. 
 31 | P a g e  
 
 
Figure 3.4 UQ Gatton power network and PV system connection map [102] 
 
 
 
Table 3.3 Emission limits of voltage fluctuations [109] 
Repetition frequency r (hour
-1
) 
∆V/VN (%) 
MV (11/33 kV) 
r ≤ 1 4 
1 < r ≤ 10 3
 
The focus was to initially determine the size of the inverter (e.g. SMA 630 kVA / 720k VA / 760 
kVA / 800 kVA … [110]) that can guarantee there is enough reactive power capacity to quickly 
compensate for PV real power variations, therefore, the corresponding voltage fluctuations can be 
controlled well to remain within the limits specified in Table 3.3. Surely, such an evaluation was 
conducted before the construction of the Gatton PV plant, and only the sunlight radiation data from 
a single station was available over a limited period of time. Without any knowledge of PV 
variability of such a scale, an evaluation may be conducted based on the radiation profile by 
assuming a maximum PV power variation of 90%/min (rather than 80% as evidenced in previous 
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sections). The quasi-static time-series method [80] was applied with reactive power control 
suppressing voltage fluctuations [69] during the investigation as shown in Figure 3.5. 
 
Figure 3.5 Simulation results with Quasi-Static Time-Series method (720 kVA inverter) 
The overall results are summarized in Table 3.4. Firstly, without any reactive power  compensation 
(2nd and 3rd columns), the voltage fluctuations will become a serious concern for UQ to fulfil the 
connection agreement. Secondly, if such an evaluation was conducted with an assumption of a 
maximum 90%/min for     , the more expensive SMA 760 kVA inverter would have been chosen 
rather than the SMA 720 kVA inverter in order to leave a certain safety margin. However, with 
certain knowledge of PV variability of such a dimension (around 80%/min), the SMA 720 kVA 
inverter was found to be sufficient for this application, which reduced the cost of the project. 
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Table 3.4 Evaluation results 
 Repetition frequency (maximum times per hour) 
∆Ppv_max 80% 90% 80% 90% 90% 
Sinverter No Q No Q 720 kVA 720 kVA 760 kVA 
∆V > 4% 1 4 0 1 0 
∆V = 3–4% 4 3 0 2 0 
∆V = 2–3% 6 6 1 3 0 
 
3.5 Summary 
This chapter began with an overview of the PV generation plant at the UQ St Lucia campus. The 
generation outputs over three years were analysed and shown in annual, monthly and weekly 
graphs. The PV power output variations were shown in several distributions, and particular events 
from the entire array of outputs were pointed out to observe the possible extremes. From the 
analysis, the possible PV power output generation profile trend and probable maximum fluctuation 
of power input in the distribution network has been detected. The result of this study has been 
applied to a PV of different dimensions to demonstrate the necessity of this examination in terms 
expected voltage fluctuation and method of compensation required for a distribution network 
connected to a PV system. The application example shows that with proper consideration of PV 
power output variability cost effective compensation measures can be taken to accommodate an 
electric network. The PV output variability study provides the research into high PV system 
penetration a clearer picture of the impacts on voltage in distribution networks. This examination 
can be further extended to accommodate more PV systems of similar dimensions, sizes and 
locations. Consequently, the results reported in this chapter can be used for new investigations such 
as the interaction between PV systems and compensation devices, which will be shown in a later 
chapter. However, to investigate that interaction, the simulation tools and device models for the 
power system must first be developed. The next chapter will delineate the development of a three-
phase four-wire unbalanced distribution system. 
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Chapter 4 System Development to Study Unbalanced Systems 
Unbalanced three-phase four-wire power systems have been the focus of numerous studies over the 
years. To investigate a power system, one must utilize a power flow or otherwise named load flow 
solution. These load flow solutions in turn employ mathematical models of the components 
available in power systems. However, there are limitations to these power flow solutions and device 
models, which need research and further development in order to completely assess realistic 
unbalanced three-phase four-wire distribution networks. This chapter will elucidate the work done 
to overcome those limitations and provide the platform for further research on large-scale PV 
systems, which is partly based on paper [80] written by the MPhil candidate. 
4.1 Load Flow Solutions 
To obtain the values of the parameters of a network in steady state, a load flow study is required. A 
load flow study is an essential tool to represent and assess a power system mathematically with its 
nonlinear characteristics. There are a number of numerical analysis tools used to solve a nonlinear 
system. Commercial tools are also available for power system analysis. PSCAD is one of the 
reliable power system simulation tools that provide comprehensive load flow solutions [111]. 
Nevertheless, it is not suitable to use to run a quasi-static time series analysis on systems that 
introduce several electrical devices of widely different response times. It is also complicated and 
time consuming to simulate large systems with many user defined device models. The other 
commercial tools have similar issues. Therefore, the development of a more appropriate simulation 
tool is required. The Current Injection Method (CIM), one of the most efficient load flow 
algorithms, has been chosen to as the basis on which to develop the tool for this research [74, 75, 
112]. The nomenclature of current injection derives from the concept of calculating the injected 
current of each node in an iterative process of the Newton–Raphson method. 
There are various types of load flow approaches that can be utilized for power systems. However, 
an approach that is suitable for studying a PV integrated distribution system should be considered 
for this research. The impacts of PV generation uncertainty on voltage magnitude and unbalance 
have been investigated with load variability in [81, 113-116], and these works have utilized the 
probabilistic load flow method for statistical voltage assessment. However, the probabilistic load 
flow approach cannot provide sequential results for analysing the characteristics of time dependent 
devices such as SVRs, which rely on sequentially changing tap positions for voltage regulation. 
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Since PV output uncertainty may substantially increase the number of tap changes and further affect 
SVR lifetime and maintenance, realistic SVR operation needs to be evaluated, which cannot be 
achieved via the probabilistic load flow technique. Therefore, the quasi-static load flow method that 
is based on successive time domain processing is utilized in this study to examine SVR 
performance and network voltage quality. 
4.2 Modelling the Network 
The system studied in this research is from the network of the Gatton campus of the University of 
Queensland (UQ), Australia with a large-scale solar PV array. Figure 3.4 shows the electric network 
map of the Gatton campus of UQ. As can be seen from this map an 11 kV line is bifurcated almost 
3 kilometres after the Gatton zone substation and from there stretches to the northern and southern 
points of the campus. Between these two lines, the southern connection is operational for the 
campus while the northern connection provides power for the surrounding suburbs [102]. The line 
length from the zone substation to the southern SVR is about 4 kilometres.  
The SVR is a Cooper Power system product and is arranged in an open-delta configuration. Two 
tap changing regulators of the SVR are connected across Phases A–B and Phases B–C, which will 
be referred to as AB and BC, respectively, in this paper. This SVR has the ability to regulate 
voltage in both forward and reverse operation by sensing current (mostly real current, sometimes 
reactive current) direction. The SVR operates with the load drop compensator (LDC) which 
estimates the voltage value at the load centre (the UQ Gatton campus in this study) and accordingly 
changes tap positions to regulate this load centre voltage towards a predefined target.  
The rest of line after the southern SVR is around 3 kilometres long until the UQ Gatton campus. 
This 11 kV line is connected to the 415 V network inside the campus via a number of delta to wye-
ground transformers. From the local electricity distributor records, it has been gathered that the total 
demand of the campus is normally between 1 MW to 3 MW [102]. The PV system is connected to 
the 11 kV line via a separate delta to wye-ground transformer. The solar array is a 3.3 MWp power 
generation plant over a 10-hectare area. The network components in this system have been enlisted 
with pertinent parameters in Table 4.1. 
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Table 4.1 Description of network components 
Items Parameters 
Gatton Zone Substation 33/11 kV, 25 MW [102] 
Underground Cable (UG) 240 mm2 conductor [117, 118] 
Racoon Conductor (0.44+j0.28) Ω/km [119] 
Moon Conductor (0.28+j0.25) Ω/km [120] 
Step Voltage Regulator Open-Delta connection. Between A–B phases and 
B–C phases [121] 
Solar Array 3.3 MWp [102] 
Delta to Wye-Ground Transformer 11 kV/433 V [102] 
Campus Load Maximum 3 MW and minimum 1 MW [102] 
 
4.2.1 Gatton Distribution Network Line Model 
A representation of the Gatton campus network used for the analysis is shown in Figure 4.1, which 
closely resembles the actual network (Figure 3.4). To conduct the three-phase four-wire unbalanced 
network analysis, a load flow program based on the Current Injection Method [76] has been 
developed in MATLAB [122]. The unbalanced characteristics of the network have been realized by 
acquiring unbalanced pole top configurations of lines and loads from the local utility company 
[123]. The model of the three-phase four-wire unbalanced line for network analysis is given in (4.1) 
[83, 91], where        is the line admittance matrix, i and j represent system phases (Phase-A, 
Phase-B, Phase-C or Phase-N),     is the self-admittance of Phase-i and      is the mutual 
admittance between Phase-i and Phase-j.  
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Figure 4.1 Representation of the Gatton network used in the simulation 
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]                    (4.1) 
The self and mutual admittance is calculated by (4.2) and (4.3), where   ,  ,   ,     ,     and   
denote the resistance of phase-i, system frequency, earth resistivity, geometric mean radius of 
Phase-i, distance of separation between Phase-i and Phase-j, and line length [83]. 
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4.2.2 Delta-Grounded Wye Transformer Model 
The ∆-Yg transformer model is derived in this section taking into consideration phase neutral and 
reasonable grounding impedance. There may be different polarity connections, but only the typical 
and popular one [83] is adopted for derivation, which is the ∆-Yg step-down type shown in Figure 
4.2. This structure results in the Delta side voltages being 30 degrees ahead those of the Wye side. 
Importantly, the derivation method is not limited to this special configuration and can be extended 
to model other connections. The relevant symbols used in this section are presented in Table 4.2. 
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Table 4.2 Delta-Grounded Wye transformer parameter list 
Symbol Meaning 
         Resistance of primary (secondary) winding  
         Inductance of primary (secondary) winding  
    Impedance of winding   
    Impedance of mutual winding  
    Leakage impedance of the transformer 
  
  
  Effective turns ratio (
 
√ 
      ) 
        Off-nominal tap ratios on the primary and secondary sides 
   (  )  Grounding impedance (admittance) 
 
4.2.2.1 Transformer Model without Off-nominal Tap Ratios 
The derivation in this sub-section has adopted the method and procedure presented in [89]. Firstly, 
the basic relationship for each winding of the transformer can be described as in (4.4) and (4.5). 
Then the inverse of (4.5) is taken to form the admittance matrix    in (4.6). 
{
                
                
                  
                   (4.4) 
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Figure 4.2 Structure of a Delta-Grounded Wye transformer [89] 
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(4.6) 
Next, points 1–6 need to be represented by transformer input and output phases, and the 
conversion is conducted as in (4.9) via the transformation matrices   and    as shown in (4.7) and 
(4.8). Then, by defining leakage impedance    and using the relationships between primary, 
secondary and mutual impedances, the ∆-Yg transformer model is presented in (4.11). It should be 
pointed out that in the per unit system, the effective turns ratio (
  
  
) should be 
 
√ 
 [89]. Further, the 
 40 | P a g e  
 
off-nominal tap ratios on both sides of the ∆-Yg transformer have not been considered, and they 
will be formulated in the next sub-section. 
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(4.11) 
4.2.2.2 Transformer Model Considering Off-nominal Tap Ratios 
The ∆-Yg transformer can be regarded as an ideal ∆-Yg transformer (Section 4.2.2.1) with off-
nominal taps (  and ) on both primary and secondary sides (Figure 4.3). It can be noted that the 
overall equivalent terminals are changed from                 to  
   
   
    
   
   
   
 . 
Off-nominal taps are frequently implemented by the utilities to traditionally raise the voltage to 
compensate for line voltage drop. For example, in Queensland Australia, the voltage bases are taken 
as 11 kV and 415 V on the primary and secondary sides. However, ∆ -Yg transformers are usually 
set to Tap 5 (11 kV/433 V) or Tap 6 (10.725 kV/433 V, i.e.               and         ) 
to raise voltage. Therefore, it is crucial to include the off-nominal tap ratios in the transformer 
model. 
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Figure 4.3 Equivalent structure of a ∆-Yg transformer with off-nominal tap-ratios 
Based on the voltage and current relationship of an ideal tap changer, the transformation matrix   
can be defined as in (4.12) and (4.13). Next, this transformation can be applied to (20) to obtain the 
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model (4.14) of the ∆-Yg transformer with off-nominal taps. 
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(4.14) 
4.2.2.3 Transformer Model with Neutral and Grounding 
Up to this stage, the ∆-Yg transformer model (4.14) is the same as what has been developed in the 
literature [89]. However, due to the considerable importance of neutral and grounding, this model 
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should be extended to form a complete representation of a ∆-Yg transformer.  
Firstly, the neutral voltage is separated from the phase voltages as in (4.15). 
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(4.15) 
Then neutral current is derived according to the KCL of Point    (Figure 4.3) as in (4.16). 
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Based on (4.15) and (4.16), an extra row and column regarding the neutral can be added to 
formulate a complete model    as in (4.17). 
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The model for a delta-to-wye-ground transformer has been adopted from (4.17) as expressed in 
(4.18), where              represents the admittance matrix of a three-phase four-wire delta to 
wye-ground (providing 
  
  
 
 
√ 
) transformer,    is the transformer leakage admittance and the 
values of α, β as 1. 
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4.2.3 Open-Delta Step Voltage Regulator Model 
The Open-Delta SVR model is developed in this section. In general, an Open-Delta SVR contains 
two single-phase regulators, which can be arranged between different phases: AB–CB, BC–AC or 
CA–BA connections. The AB–CB configuration shown in Figure 4.4 is used as an example, and 
other connections can be deduced via the same procedures. The meanings of the notations relevant 
to this section are listed in Table 4.3, and all the parameters are in per unit except tap positions.  
4.2.3.1 Derivation of Open-Delta Step Voltage Regulator Model 
The turns ratios of the regulators can be defined as in (4.19), and they are further related to voltage 
changes and tap positions. 
{
      
     
     
             
      
     
     
             
    (4.19) 
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Figure 4.4 Structure of an Open-Delta connected Step Voltage Regulator [83] 
Table 4.3 Open-Delta SVR parameter list 
Symbol Meaning 
         Turns of the shunt winding of regulator between phases       
         Turns of the series winding of regulator between phases       
         Turns ratio of regulator between phases       
       Effective voltage change per tap 
          Tap position of regulator between phases       
        (       )  Leakage impedance (admittance) of regulator between phases       
           Effective regulator ratios for Regulator AB and Regulator CB 
 
The basic voltage-current relationship of two regulators can be summarized in (4.20), and it should 
be noted that the shunt admittance is negligible [83]. The leakage impedance of the regulator is 
normally referred to as the series winding side, which is very small in value due to the square term 
of the low turns ratio (     
 ) and the small low-voltage winding impedance (     ) in (4.21). 
Therefore, equal leakage admittance is assumed as in the second equation of (4.22). 
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{
                             
       
                  
                   (4.22) 
By introducing the effective regulator ratios as in (4.23), Eq. (4.21) can be represented in (4.24). 
Together with the KCL of a three-wire system as in (4.25), the relationship between line currents 
and line-to-line voltages can be expressed in (4.26). 
{
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Next, the KVL of buses 1 and 2 as in (4.27) is used on Phase B (    and     rows of equations) to 
transform (4.26) to (4.28). Then, the line-to-line voltages in (4.28) are converted to phase voltages 
by using (4.29) to obtain the updated Open-Delta SVR model as described in (4.30). 
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4.2.3.2 Consideration of Additional Voltage Conditions 
Eq. (4.30) seems to be symmetrical and balanced, and it is also very systematically formed with a 
certain formation for each three-by-three sub-matrix: (i) distribution of    and    is regular, and (ii) 
summation of row or column vectors of each sub-matrix is zero. However, this model cannot 
correctly represent an Open-Delta SVR, as more condition needs to be added to make it complete. 
From Figure 4.4, it can be noted that Phase B is connected straight through the SVR, therefore, 
        is the missing condition which must be incorporated. There are many ways of including 
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this extra condition, and in this paper it has been applied to     and     equations. The updated 
model is show in (4.31) with changed terms underlined for comparison. This equation is certainly 
less uniform than (4.30), but it is a perfect model for an Open-Delta SVR. Next, a simple example is 
used to compare the effectiveness of (11) and (12). 
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(4.31) 
For the Open-Delta SVR shown in Figure 4.4, the upstream (Bus 1) is assumed to be balanced, and 
Bus 2 voltage profiles are examined by applying two different Open-Delta SVR models: (4.30) and 
(12). The results are summarized in Table 4.4. It can be observed that the results from the two 
models are very close when the tap position is low (e.g. Tap=3 in Table 4.4), however, if the tap 
position becomes higher (Tap=8), there are much more significant differences across all the phases 
(e.g. 2.3% for Phase A, 3.8% for Phase B and 1.7% for Phase C). Therefore, Eq. (4.30) must be 
used as the Open-Delta SVR model for load flow studies. 
Table 4.4 Comparison of results from different models: (4.30) and (4.31) 
SVR Taps Parameters Bus 1 
Bus 2 
[Use Eq (11)] 
Bus 2 
[Use Eq (12)] 
Tap Position=+3  
|  |        1.00 1.024 1.029 
|  |        1.00 1.004 1.000 
|  |        1.00 1.030 1.029 
Tap Position=+8 
|  |        1.00 1.057 1.080 
|  |        1.00 1.038 1.000 
|  |        1.00 1.063 1.080 
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The open-delta SVR admittance matrix developed from this analysis is given in (4.32). Here    
and    are the effective turn ratios of AB and BC regulators in the SVR and    is the leakage 
admittance of the regulators. 
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                  (4.32) 
4.2.4 Load and PV Output Model 
The demand in the network has been acquired primarily from the total load report prepared by the 
Gatton campus authority. Next, the unbalanced and distributive characteristics of the loads have 
been addressed by observing the time domain demand trend [80] of individual buildings in the 
campus and reports from the distribution utility [124]. In the modelling, the first seven buses have 
been selected from all possible phase loading configurations to investigate the different unbalanced 
effects. A sample load profile for a moment with a 2 MW total load is shown in Table 4.5. 
 
 
 
 
 
 
 
 
 
 
 50 | P a g e  
 
Table 4.5 Sample load profile in the distribution network for a moment 
 Power demand per phase (kW) 
Bus Number Phase A Phase B Phase C 
22 37.5 41.7 45.8 
23 37.5 45.8 41.7 
24 41.7 37.5 45.8 
25 45.8 41.7 37.5 
26 45.8 37.5 41.7 
27 41.7 45.8 37.5 
28 41.7 41.7 41.7 
29 45.9 42.2 38.6 
30 42.5 40.0 37.5 
31 40.7 39.4 37.9 
32 42.6 38.9 35.0 
33 46.4 44.1 41.6 
34 40.6 39.7 38.6 
35 42.5 39.9 37.3 
36 47.3 45.3 43.2 
37 49.5 45.7 42.1 
 
The 3.3 MWp UQ Gatton campus solar plant was commissioned quite recently and more 
development is in progress. Therefore, the actual PV output data is not sufficient and reliable. 
Fortunately, UQ has a 1.2 MWp solar plant at its St Lucia campus, which has recorded 1-minute 
interval data of PV instantaneous power generation from 2011 [106]. Though the St Lucia solar 
plant is smaller in terms of capacity, it is scattered over a similar geographical area to that of the 
Gatton PV plant. This presents an opportunity of having a similar percentage of PV generation 
fluctuation due to cloud coverage transition. Therefore, the PV data from St Lucia has been utilized 
and scaled up to match the Gatton campus 3.3 MWp PV arrays, which is used later for long-term 
PV impact assessment. 
4.3 Summary 
This chapter has provided the components to study three-phase four-wire distribution systems. 
While Section 4.1 has provided the premise of a load flow solution system, Section 4.2 provided the 
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network model, which can be employed in the developed load flow program. The load flow 
program is developed in MATLAB and utilizes the current injection method. In order to model a 
real-world distribution network, the UQ Gatton campus network was used as the basis of the model. 
The network consists of delta-grounded wye transformers and open-delta step voltage regulators, 
which required models to be developed for a three-phase four-wire system. Alongside modelling 
those power system devices, the other elements of the network such as load demand and PV power 
output were obtained by extrapolating real data sourced from a comparable real PV system. 
Therefore, it is possible to conduct an investigation on a realistic distribution network with high PV 
penetration by utilizing the PV variability study from Chapter 3. The next chapter will take into 
consideration the PV output from Chapter 3 with the simulation tool and the practical network 
model from this chapter to examine the voltage impact in an integrated distribution network with 
high PV system penetration. 
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Chapter 5 Investigation of Distribution System with High 
Photovoltaic Penetration 
From the work covered in the previous chapter a distribution system has been modelled. Once the 
model was prepared, the study was conducted on it by running simulations using the tool developed 
in this research. As the primary focus of this research is high PV system penetration, the impacts of 
the integration of large-scale PV arrays on distribution systems will be illustrated in this chapter. 
The literature review in Chapter 2 covered quite extensively the repercussions that high PV system 
penetration might have on low voltage networks, and most dominantly voltage issues. As voltage 
regulation issues require thorough investigation, the current network system will be examined both 
with and without high PV system penetration. 
The University of Queensland Gatton campus network has been chosen as the test network, because 
of its integrated large-scale PV array (Figure 4.1). This network has an On-Load Tap Changer 
(OLTC), Step Voltage Regulators (SVRs) and capacitor banks to regulate voltage levels in the low 
voltage system. However, the SVR is the most active device as it has more operational states (tap 
positions) to manage the voltage level and is close to the low voltage network. Therefore, the 
impacts the SVR has on the network will be observed with the integration of high PV system 
penetration, which is partly based on the paper [80] written by the MPhil candidate. 
Step voltage regulators generally have seven types of operation modes [85] and these operation 
modes have different operational procedures to regulate network voltage. By introducing PV 
systems, an SVR can face reverse power flow, which is not common in traditional systems. This 
reverse power flow can cause the SVR to operate differently in one mode compared to another. 
Examples of these different behaviours can include frozen taps, losing tap control, and infinite tap 
change operations, all of which are undesirable and are often referred as SVR ‗runaways‘. Thus, the 
interactions between the PV system and the SVR are investigated with the different SVR modes in 
operation to analyse the voltage repercussions in the network. There are four unidirectional (Locked 
Forward, Locked Reverse, Reverse Idle, Neutral Idle) and three dual directional (Bi -directional, 
Reactive Bi-directional, Cogeneration) operation modes of an SVR which are analyzed in this 
section. 
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5.1 Unidirectional Mode Analysis 
The first mode considered is the Locked Forward mode, which only regulates voltage in the forward 
direction [85]. While in forward power flow an SVR changes tap positions as necessary to regulate 
the load centre voltage. However, when real current flows in the reverse direction, an SVR holds 
the last tap position. As a result, a raised tap position in the previous forward power flow instance 
can be frozen by a reverse power flow due to a rapid PV system output increase, and this can drive 
the voltage magnitude above the acceptable limits. Such a scenario can arise due to fast cloud 
movement over the site where the PV array is located. 
The effects of the PV generation change due to cloud coverage transition on voltage magnitude and 
unbalance percentage have been studied in this section. As the PV generation may vary up to 90% 
within a few tens of seconds [102], a PV output variation from 0.1 MW to 1 MW has been assumed 
in this research and the results are shown in Figure 5.1. 
 
Figure 5.1 Voltage changes due to transient cloud in Locked Forward Mode 
This investigation begins from a complete cloud covered scenario where PV generation is low. To 
maintain the load centre (Bus 8 in Figure 4.1) voltage magnitude the tap positions have been raised 
to Tap 2 and Tap 3 for AB and BC of the SVR, respectively. After the clouds moved away from the 
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PV site, the PV output drastically increased. As a result, the SVR sensed a reverse current flow and 
held the taps at the same position. Consequently, the raised tap position caused the load centre to 
allow high voltage magnitudes exceeding the permissible limit in the distribution network [Figure 
5.1(a)–(c)]. For example, Phase-A of Bus 34 rose from just above 0.98 pu to around 1.08 pu, which 
is a clear violation of the 1.06 pu voltage limit. In addition, the unbalance level can be observed in 
Figure 5.1(d), where all the values are less than 1% unbalanced [103]. Thus, there is no concern for 
voltage unbalance in this case. 
Similarly, the Locked Reverse, Reverse Idle, and Neutral Idle modes can only regulate 
unidirectional power flow. As a result, in case of opposite power flow scenarios, tap runaway, and 
over/undervoltage can be observed. The properties of the unidirectional modes are summarized in 
Table 5.1. 
Table 5.1 Summary of behaviours of unidirectional modes 
Modes Operation Potential Concerns 
Locked 
Forward 
Regulate forward power flow 
Hold tap at reverse power flow 
Cannot regulate reverse power flow 
Cause overvoltage, holds tap 
Locked 
Reverse 
Regulate reverse power flow 
Hold tap at forward power flow 
Cannot regulate forward power flow 
Cause undervoltage, holds tap 
Reverse 
Idle 
Regulate forward power flow 
Hold tap at reverse power flow 
Cannot regulate reverse power flow 
Cause overvoltage, holds tap 
Neutral 
Idle 
Regulate forward power flow 
Revert tap to neutral position at 
reverse power flow 
Cannot regulate reverse power flow 
Cause over/undervoltage, shift tap position to 
neutral position 
 
5.2 Dual Directional Mode Analysis 
Bi-directional mode has the ability to regulate both forward and reverse power flows. This mode 
changes the regulation point to the other direction when the current flow changes direction. In this 
network (Figure 4.1), the forward load centre is in Bus 8 while the reverse load centre is located 
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between Buses 2 and 3. As the reverse load centre is already being provided by the substation, the 
voltage cannot be regulated to the predefined voltage target by the SVR. Consequently, the SVR 
keeps changing tap positions until it is saturated and voltage violation becomes inevitable.  
Bi-directional mode was studied with the same PV generation changes as in the previous section. 
While the site was covered by cloud, low PV output allowed forward current flow through the SVR 
and the forward load centre (Bus 8) was well regulated with the tap positions at 2 and 3 for AB and 
BC of the SVR, respectively. As a result, the distribution system had all bus voltages within the 
limits [Figure 5.2(a)–(c)]. With high PV system generation, the SVR faced reverse current and tried 
to regulate the reverse load centre, (between Bus 2 and 3) which was about 0.95 pu. As this reverse 
load centre is provided by the substation, the voltage magnitude did not rise much to match the 
LDC target with the tap-raising action of the SVR. Therefore, the SVR kept increasing the tap 
positions until the highest point regardless of the downstream voltage profiles, which eventually led 
to voltage violation. It can be observed at Phase-A of Bus 28 that the voltage rises from about 0.98 
pu to almost 1.17 pu, [Figure 5.2(a)] which is clearly much more than the 1.06 pu voltage upper 
limit. 
 
Figure 5.2 Voltage changes due to transient cloud in Bi-directional Mode 
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The voltage unbalance percentage was high (around 1%) without PV output, but it decreased 
substantially with PV generation [103]. For example, the phase unbalance was almost 1% at Bus 30 
in the cloud-covered incident and it dropped to about 0.25% as the cloud cleared up. 
Reactive Bi-directional and Cogeneration modes are the two other modes that have the ability to 
regulate power flow from both directions. All the dual directional modes are summarized in Table 
5.2.  
Table 5.2 Summary of the behaviours of dual directional modes 
Modes Operation Potential Concerns 
Bi-directional Depending on real current direction: 
- Estimate load side voltage 
- Estimate substation side 
voltage 
Cannot regulate substation side voltage 
For high PV generation: 
- Reverse real current flow 
- Voltage violation 
- Tap runaway 
Reactive  
Bi-directional 
Depending on reactive (primarily) and 
real current direction: 
- Estimate load side voltage 
- Estimate substation side 
voltage 
Cannot regulate substation side voltage 
For high PV generation: 
- Reverse current flow 
- Voltage violation 
- Tap runaway 
Cogeneration Only regulates load side voltage Cannot regulate voltage if no source 
exists opposite to load side 
 
As the Cogeneration mode can provide suitable voltage regulation to this network, it has been 
chosen as the mode of operation in this study. However, in a time series analysis, violations of 
voltage magnitude and fluctuation standards can still be expected due to rapid PV generation 
variations and SVR operation delay. This investigation has been conducted and is analysed in the 
next section. 
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5.3 Simulation Result Analysis for a Sample Day 
5.3.1 Simulation without PV Generation 
The simulation for a sample day was conducted without PV generation to establish the base case of 
the network and pave the way to examine the interaction between the SVR and the PV system. 
Generally, distribution systems have smooth demand changes. As a result, rapid variations in 
voltage magnitudes are expected only due to SVR tap changes, and it is normally not a serious 
concern for the network. 
The investigation into the tap operation of the SVR and voltage magnitude at Bus 27 of this 
network without PV generation is depicted in Figure 5.3, which presents the status of the system. It 
can be seen that, in a 14-hour period of a typical day around 5 tap changes can be expected per 
regulator, and the phase voltage variation range is less than 8%. 
 
Figure 5.3 Daylong tap operation and voltage magnitude results from simulations without PV 
generation 
5.3.2 Simulation with PV Generation – LDC voltage target setting of 0.99 pu 
With the introduction of PV generation, fluctuations of power generation due to transient cloud can 
cause more voltage variations than in the scenario without PV integration (Figure 5.4). The target 
value for the SVR was set to 0.99 pu. Tap changing activity has risen 47 times of the SVR for AB 
and 43 times for BC [Figure 5.4(b)]. The voltage variations [Figure 5.4(c)] can be observed due to 
PV output fluctuations and the lower limit of 0.94 pu was violated for about 6 minutes. The total 
voltage variation range increased to more than 11% around the day.  
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In summary, the voltage magnitudes have been severely affected compared to those without PV 
generation (Section 5.3.1). The total voltage range covered in a sample day has risen from less than 
8% to more than 11%. The allowable limits for voltage are 6% above and below the base, which 
gives a 12% range for regulation. However, the study indicates the margin left for regulation 
reduces from more than 4% to less than 1%. As a result, the network becomes more vulnerable to 
any inaccurate settings and additional disturbances such as LDC voltage target settings and load 
changes. Furthermore, the tap change activity has increased about nine times with a large-scale PV 
system integration, which will affect the durability of the SVR. 
 
Figure 5.4 Daylong tap operation and voltage magnitude results from simulations with PV 
generation (LDC voltage target setting of 0.99 pu) 
5.3.3 Simulation with PV Generation – LDC voltage target setting of 1.01 pu 
The LDC target value of the SVR is an important factor for network voltage regulation. As the 
distribution network is perpetually changing, it is quite hard to predict the suitable target value for 
SVR deployment. Therefore, the SVR target value can be at a certain level that was fixed long time 
ago, which may not be entirely ideal for the current network conditions [124]. A non-ideal target 
value may drive voltage magnitudes to violate the acceptable limits frequently. In order to study 
such cases, a different LDC target has been selected in this section. As undervoltage was observed 
with an LDC target of 0.99 pu (Section 5.3.2), a higher target of 1.01 pu is selected to elevate the 
voltage magnitudes in the network. 
By comparing the results from two different LDC target settings: 0.99 pu (Figure 5.4) and 1.01 pu 
(Figure 5.5), it was found that the number of tap changing actions was very similar. However, 
 6AM  8AM 10AM 12PM  2PM  4PM  6PM
0.95
1
1.05
(c) Voltage at Bus 27
Time of day
V
o
lt
a
g
e
 (
p
u
)
 
 
2
4
6
(b) Tap position (open-delta)
T
a
p
 p
o
s
it
io
n
 
 
0
0.5
1
(a) PV Generation Profile (per phase)
P
o
w
e
r 
(M
W
)
 
 
A
B
C
Limit
AB
BC
 59 | P a g e  
 
voltage magnitudes [Figure 5.5(c)] now violate the acceptable limits for a longer time, from 6 
minutes undervoltage (below 0.94 pu) violation with the 0.99 pu voltage target to 23 minutes of 
overvoltage (over 1.06 pu) with the 1.01 pu voltage target. Whereas the weekly acceptable limit is 
100 minutes, voltage violations accounting for almost half of the non-compliance limit accrued due 
only to the SVR target value change. These violations occur because there is very little room for 
imprecise settings due to the reduction in the leftover voltage variation margin (less than 1%) 
caused by the PV power fluctuations. 
 
Figure 5.5 Daylong tap operation and voltage magnitude results from simulations with PV 
generation (LDC voltage target setting of 1.01 pu) 
From Figures 5.3–5.5 an increased level of tap operations, voltage magnitude violations, and 
voltage fluctuations can be observed. However, violations occurring in one day alone do not 
necessarily lead to any serious concerns. In order to determine the statistical significance of a 
detailed impact of these phenomena, examination over a much longer period should be conducted. 
5.4 Analysis of Yearlong Performance 
5.4.1 Voltage Magnitude 
Firstly, Table 5.3 is comprised of the voltage violation data in minutes for an entire year. Without 
PV systems, an average of 0, 4, and 28 minutes weekly violation can be observed in three phases. 
These numbers rise up to 30, 22, and 220 minutes respectively with PV generation, which certainly 
exceeds the 100 minutes per week limit according to the utility standard [8]. 
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Table 5.3 Voltage violation in terms of minutes over a year 
 Annual Total Weekly Average 
Allowable Limit - 100 min/week 
Phases A B C A B C 
Total time beyond acceptable voltage limit 
without PV system (minutes) 0 130 1456 0 4 28 
Total time beyond acceptable voltage limit 
with PV system (minutes) 332 168 8308 30 22 220 
 
5.4.2 Tap Operation 
Next, the number of tap changing operations has been shown in terms of annual totals and daily 
maximums in Table 5.4. The number of tap changes across AB and BC has increased about 5 and 6 
times annually and around 13 times for both in an extreme day. This amount of operation increase 
indicates the likelihood of decreased durability and increased maintenance cost of the SVR.  
Table 5.4 Step voltage regulator operation over a year 
 Annual Total Maximum in a day 
Step voltage regulator connection AB BC AB BC 
Number of tap changes without PV system 
1924 1612 6 6 
Number of tap changes with PV system 
9998 9013 80 77 
 
5.4.3 Voltage Fluctuation 
Finally, the last concern is the voltage fluctuation, which has been investigated in a yearlong study. 
Tables 5.5 and 5.6 present the fluctuation violation criteria for both concerns of perceptibility and 
irritability, respectively. When the SVR is regulating the voltage of the network without PV 
generation, the average violations in a day are very well within the limit [Table 5.5(a)]. However, 
with PV systems, the standard is more likely to be breached as it can be seen that the average 
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occurrence of daily voltage violations in relation to the 2.40% threshold has risen from 3.7/day to 
68.8/day for Phase-A. This is surely exceeds the 60 violations/day limit for this threshold. 
Occurrences of exceeding the threshold for irritability are rarer than those for perceptibility. Table 
5.6(a) shows the average number of occurrences without PV generation, which reveals low levels of 
violations. Table 5.6(b) reveals more violations than Table 5.6(a) as high PV generation is 
introduced. The average values for irritability in Table 5.6 do not signify the same level of concern 
as for perceptibility as shown in Table 5.5. However, the average number of violations does not 
entirely reflect the severity of the voltage fluctuations caused by large-scale PV system integration. 
Table 5.5 Average occurrences of voltage violations of threshold of perceptibility for a year  
(a) Without PV generation 
Phases A B C A B C 
Relative voltage change thresholds 
(Maximum hourly acceptable occurrences) 
1.35 % 
(10) 
0.95 % 
(60) 
Average number of hourly violations 1.5 3.0 3.4 2.4 3.0 3.4 
Relative voltage change thresholds 
(Maximum daily acceptable occurrences) 
3.70 % 
(10) 
2.40 % 
(60) 
Average number of daily violations 3.7 7.8 1.4 3.7 9.7 7.0 
(b) With PV generation 
Phases A B C A B C 
Relative voltage change thresholds 
(Maximum hourly acceptable occurrences) 
1.35 % 
(10) 
0.95 % 
(60) 
Average number of hourly violations 28.0 18.7 25.1 32.2 22.6 29.0 
Relative voltage change thresholds 
(Maximum daily acceptable occurrences) 
3.70 % 
(10) 
2.40 % 
(60) 
Average number of daily violations 44.2 25.6 29.8 68.8 40.0 57.9 
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Table 5.6 Average occurrences of voltage violations of threshold of irritability for a year 
(a) Without PV generation 
Phases A B C A B C 
Relative voltage change thresholds 
(Maximum hourly acceptable occurrences) 
1.35 % 
(10) 
0.95 % 
(60) 
Average number of hourly violations 1.0 2.4 0.7 1.0 2.8 1.7 
Relative voltage change thresholds 
(Maximum daily acceptable occurrences) 
3.70 
(10) 
2.40 % 
(60) 
Average number of daily violations 0.1 0.1 0.1 0.1 0.2 0.1 
(b) With PV generation 
Phases A B C A B C 
Relative voltage change thresholds 
(Maximum hourly acceptable occurrences) 
1.35 % 
(10) 
0.95 % 
(60) 
Average number of hourly violations 13.4 7.1 9.6 18.0 9.9 14.4 
Relative voltage change thresholds 
(Maximum daily acceptable occurrences) 
3.70 % 
(10) 
2.40 % 
(60) 
Average number of daily violations 2.9 0.0 0.6 13.2 2.9 5.0 
 
To demonstrate the total fluctuation impacts on voltage, Figure 5.6 presents the entire annual data 
plotted into boxplots where the blue boxes display the 25 to 75 percentile of the results, and the 
central red lines represent the median value. The extended dashed black lines illustrate the extreme 
data points except for the outliers, and the red plus symbols are the outliers, which are outstanding 
days on which severe fluctuation incidents were recorded.  
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Figure 5.6 Daily voltage fluctuation violations over a year 
Figure 5.6(a) shows that the median of daily voltage fluctuation incidences is close to but slightly 
over the permitted limit, which creates some concern. At the same time, Figure 5.6(b) depicts the 
median values as just below the acceptable threshold. However, for large portions of the days in 
both figures voltage fluctuation incidences are above the standard of perceptibility limits, which 
indicates that the fluctuations on these days are perceivable to the consumers and their appliances. 
Figure 5.6(c) and Figure 5.6(d) depict the threshold of irritability with the relative voltage change 
limits of 3.70% and 2.40%. These results indicate that most of the voltage fluctuation incidences lie 
below the permitted limits. However, there are quite a few outstanding data points above the 
standard limits with PV integration, which suggests that there are a number of days when severe 
fluctuation violations occurred. Such high voltage fluctuations can result in intolerable experiences 
for the affected consumers during those days.  
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From all the tables and figures it has been shown that although the average number of daily 
fluctuations may be within standard limits, there can still be a significant number of days when 
daily fluctuations exceed limits due to variations in the output of the large-scale PV systems. Thus, 
the investigation presents a clear picture of the impacts of high PV system penetration in 
distribution systems. 
5.5 Summary 
Chapter 5 investigates the impacts of high PV system penetration in an unbalanced distribution 
network. This study examines the real-world network of the UQ Gatton campus power system. As 
PV power output is weather dependent, fluctuations of irradiation can influence the power system 
voltage to cause unstable voltages. With high PV power output the condition can only worsen 
further. In addition, voltage fluctuations can affect the compensation devices installed on the 
network, thereby hampering voltage control. Therefore, this investigation focuses on the interaction 
between PV systems and a particular compensation device, the Step Voltage Regulator (SVR), in a 
realistic distribution network. SVRs have different operating configurations to support a power 
system and each operating mode can react quite differently to oscillating power injections in the 
network. Thus, the effects of significant SVR operation modes were examined to observe their 
suitability to use with PV systems. After determining the most suitable SVR operation mode, the 
impact of high PV power injection was shown in daylong simulations. This simulation assessment 
was further extended to a yearlong performance evaluation. The evaluations were considered in 
terms of voltage magnitude beyond allowable limits, voltage fluctuation beyond flicker standards 
and number of tap operations. Overall, this chapter has presented an analysis of the impacts of high 
PV power output in a distribution network, and the concerns highlighted will be taken into 
consideration to mitigate the issues in the next chapter with the introduction of a smart management 
system. 
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Chapter 6 Smart Management System for Future Distribution 
Network 
As shown in the previous chapter, the fluctuating voltage levels due to high PV system penetration 
in distribution systems are beyond acceptable limits, and thus, the formulation of a method to 
counter the issues and manage low voltage networks is required. The smart management system 
devised in this research takes into consideration the critical factors contributing to the deterioration 
of the system stability in terms of voltage magnitude. As there are multiple compensation devices 
already in place in the studied network, an efficient solution to rectify the issues would be to utilize 
those existing devices systematically to overcome the regular over and under compensation. The 
first logical step is to coordinate the compensation devices to use the appropriate amount of support 
so that voltage violations can be mitigated. The coordination technique employed in this research is 
described below with reference to the same studied network from the previous analysis. 
6.1 Coordination Technique 
6.1.1 An Advanced Management Solution to Mitigate Excessive Voltage Violations and Tap 
Changes 
The impacts of PV power fluctuations on network voltage and tap changers were examined in a 
yearlong statistical analysis in the previous section, and concerns of excessive voltage violation and 
tap change operation arose during the investigation. Therefore, this section will focus on the 
solutions that can effectively rectify these concerns. 
6.1.1.1 Approved Power Factor Droop Control 
The studied UQ Gatton PV system (3.3 MWp) is equally divided into five 660 kWp PV blocks, 
which are equipped with five SMA SC720CP inverters (720 kVA rating with maximum 346 kVAr 
reactive power capacity) [110]. This configuration leaves substantial inverter space for reactive 
power support to ensure grid voltage is maintained. Therefore, based on the Australia National 
Electricity Rules [125], a reactive power compensation strategy – power factor control (PFC) – has 
been approved by both the utility and UQ in the connection agreement [126]. The provisional 
control scheme is illustrated in Figure 6.1 with an allowable power factor range from 0.9 lagging to 
0.9 leading.  
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A demonstration of network performance using the PFC strategy for a sample day is shown in 
Figure 6.2. By comparing with the grid profile without this control presented in Figure 5.5, it is 
observed that by implementing the PFC strategy, the voltage variation range has shrunk from over 
11% to around 8%, and consequently voltage violation is significantly decreased. Furthermore, the 
daily tap changes are also reduced from 90 to 48 in total; however, the number of changes is still 
substantially higher than those in the scenario without PV system integration, which is again a 
serious concern for the operation of voltage regulators. 
 
Figure 6.1 Power factor droop control curve (power factor versus voltage). 
 
Figure 6.2 Daylong network performances using the PFC strategy 
0.95 1 1.05
0.90 lead
0.95 lead
1
0.95 lag
0.90 lag
Voltage (pu)
P
o
w
e
r 
fa
c
to
r
0.985 pu
Capacitive
Inductive
1.015 pu
 6AM  8AM 10AM 12PM  2PM  4PM  6PM
0.95
1
1.05
(c) Voltage at Bus 27
Time of day
V
o
lt
a
g
e
 (
p
u
)
 
 
4
6
(b) Tap position (open-delta)
T
a
p
 p
o
s
it
io
n
 
 
0
0.5
1
(a) PV Generation Profile (per phase)
P
o
w
e
r 
(M
W
)
 
 
A
B
C
Limit
AB
BC
 67 | P a g e  
 
6.1.1.2 Proposed advanced management solution using communication 
Section 6.1.1.2 shows that the PFC strategy alone may not be sufficient to resolve the issue of 
excessive tap changes; therefore, an advanced management solution (AMS) is developed in this 
research to reduce unnecessary tap movement. For example, when PV power rapidly drops to a low 
level due to cloud coverage, the network voltage will accordingly decline. If the voltage profile 
after such an event is still at a decent level within the limits, tap changes will not be required. 
Normally the overall load variation is very slow and the already decreased PV power cannot drop 
much lower, therefore, the feeder voltages are at very little risk of falling any further to violate the 
voltage limit. However, the conventional LDC scheme of an SVR does not have the essential 
information about PV generation and system load. As a result, traditionally the tap position is 
changed as needed to regulate feeder voltage to the target with a large margin to the limits. Based 
on this idea, the proposed AMS is designed with the inclusion of a modern cost-effective power line 
communication (PLC) system [127, 128] to provide PV and load data to the SVRs for making 
decisions on tap changes. If the estimated further potential voltage variation is less than the leftover 
voltage margin, then the tap will be held at its current position regardless any tap changing 
instruction from the LDC. This proposed control strategy is illustrated in Figure 6.3. 
The proposed control strategy includes two characteristic curves (Figure 6.3), which assess the 
voltage magnitude and potential voltage variation in the distribution network from the measured 
load (Pload), the photovoltaic (PV) output, and the voltage at the end of the 11 kV feeder (V8). These 
curves are derived from load flow results for all-possible PV and load profiles based on historical 
data, so they can be utilized for voltage estimation at any time of the day. Firstly, the voltage at the 
low-voltage end can be evaluated from the voltage drop obtained in the curve of ‗Est1‘ (Figure 6.3) 
and the measured upstream voltage. In addition, the present PV power output can be gauged to 
determine the potential maximum PV power fluctuations (∆Ppotential variation) for the next time 
interval, and then the corresponding induced maximum voltage variations (∆Vpotential variation) can be 
calculated from the curve in ‗Est2‘ (Figure 6.3). As these values are estimations, a vol tage safety 
margin (∆Vsafety margin) has been considered to create a safety buffer from the absolute voltage limits 
and consequently reduce voltage violations. In this research, a 1% voltage safety margin is selected 
after verifying this in a yearlong analysis. Finally, based on the two voltage estimations and the pre-
defined voltage safety margin, a decision will be made on tap change requirement for a better 
voltage regulation. This entire strategy constitutes the AMS, which reduces the amount of tap 
changes and the risk of voltage violations. 
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Figure 6.3 Flow chart of the proposed AMS 
The network performance with both the PFC and AMS is presented in Figure 6.4. In comparison 
with Figure 6.2, the voltage range is similar and voltage profile becomes slightly smoother. 
However, the major improvement is the total number of tap changes throughout the day – 8 – which 
is much fewer than 48 with the pure PFC strategy.  
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Figure 6.4 Daylong network performances with the PFC and AMS strategy 
6.1.1.3 Comparison of yearlong performances 
The yearlong analyses of voltage violations, tap changes and voltage fluctuations are summarized in 
Table 6.1, Table 6.2, and Figure 6.5 respectively. Different scenarios have been listed for 
comparison, including no PV case, PV only case, PV with PFC case, and PV with PFC-AMS case. 
The overall tendency shows that the PV only case can cause the worst performance with respect to 
voltage and tap operation, while the situation is significantly improved by introducing the PFC 
strategy. However, this strategy may not effectively rectify the excessive tap changing issue. In 
contrast, the proposed PFC-AMS strategy can successfully solve this issue, and overall it can 
improve the voltage and tap performance to a similar level, which is comparable to that of the no 
PV case. 
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Total time beyond acceptable voltage limit 
with PV and PFC (minutes) 
550.9 44 
Total time beyond acceptable voltage limit 
with PV and PFC-AMS (minutes) 
550.9 44 
 
Table 6.2 Annual tap change analysis in different investigations 
 Annual Total Maximum in a day 
Step voltage regulator connection AB BC AB BC 
Number of tap changes without PV system 1924 1612 6 6 
Number of tap changes with PV system 9998 9013 80 77 
Number of tap changes with PV and PFC 4734 3998 40 36 
Number of tap changes with PV and PFC-AMS 2107 1897 23 24 
 
 
Figure 6.5 Daily voltage violation comparisons between PV only case and PV with PFC-AMS case 
over a year 
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6.2 Optimization Technique 
From the previous subsection (6.1), it can be observed that the advanced management system is 
capable of providing substantial and acceptable improvement in voltage magnitude in the studied 
network. The system coordinates a specific set of devices where the characteristics are intuitively 
considered and utilized in order to achieve the best operation for a given set of issues. However, the 
system has no flexibility in terms of device types and no direct mathematical correlation to offer 
precise control to attain acceptable voltage amplitudes. Therefore, this research has taken into 
consideration an interior point method to tackle the nonlinear optimization problem of three-phase 
unbalanced power system. 
6.2.1 Formulation of Optimization Method 
An optimization problem is based on an objective or cost function. The problem will have a set of 
control variables which will be the arguments of all the functions in the problem including the cost 
function. Usually in power systems, cost functions are required to attain a minimum value while 
abiding by a few constraints. The basic constraint in a power system is the power balance equation, 
which can be termed as an equality constraint. There can be more equality constraints such as 
voltage target or load demand of a bus, where the values are expected to be constant for a solution 
at a specific time. The other type of constraint is an inequality constraint. Examples of inequality 
constraints can be limits of power generation or allowable voltage magnitudes for a specific bus 
point. Therefore, the optimization problem can be expressed using the equations 6.1 to 6.11, where 
6.1 is the control variable matrix, 6.2 is the cost function that is required to be minimized, 6.2 to 6.6 
supply the equality functions, and 6.7 to 6.10 provide the inequality functions. 
                                          (6.1) 
     ∑            
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Here, the control variable matrix (equation 6.1) consists of imaginary and real portions of the 
voltage values on all the buses, and real power and reactive power generated by the generation 
buses. The cost function (equation 6.2) has been determined in this case with only the real power 
generation in a quadratic form. Therefore, the system is essentially an economic dispatch problem. 
However, this solution has introduced a few addendums with the consideration of three phase 
unbalance networks. In the previous subsection the required reactive power was calculated from the 
droop control curve, while this study can provide an exact amount to completely eradicate voltage 
fluctuation. 
As a basic requirement of power system study, equations 6.3 and 6.4 provide the non-linear power 
balance equation which is an equality constraint. While equation 6.3 equates the real power balance 
on every bus, equation 6.4 maintains the reactive power balance. Equations 6.6 and 6.7, 
respectively, constrict the reference bus voltage angles and magnitudes as utility would suggest. 
Equations 6.8 to 6.11 are the inequality functions where the limits for voltage magnitudes, angles, 
real power generation and reactive power generation are restricted. 
To solve this problem, the interior point method [129] has been chosen to develop the non-linear 
optimal power flow system. The first step in the interior point method is to transform all inequalities 
into equalities by adding slack vectors. Thus, inequality 6.8 can be expressed with the following 
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       | |     | |                    (6.12) 
 | |     | |                     (6.13) 
    | |       | |       
Here,  | |    is the term represented instead of | |  and included in the array     , which is a set of 
terms that have inequality constraints. 
Similarly, inequalities 6.9 to 6.11 can be expressed in equations. Afterwards, the Lagrangian 
function of the equality constrained problem can expressed in 6.14, where          are the 
Lagrangian multipliers or dual variables,      is the function set of inequalities, s is the set of slack 
vectors and   is the barrier parameter.  
                                   ∑                 (6.14) 
From [130], the interior point method employs the first order Karush–Kuhn–Tucker (KKT) 
condition to develop the following equations for this optimization problem, 
                              (6.15) 
                       (6.16) 
                         (6.17) 
                          (6.18) 
s>0,                     (6.19) 
Here   is a unit vector and     is the diagonal vector from the   array. Utilizing Newton‘s method, 
the problem can be solved by the following symmetric indefinite system 
[
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]          (6.20) 
This equation can be reduced to 
                                 (6.21) 
                                   (6.22) 
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By utilizing the developed equations and running through the iterative process with the barrier 
method and the interior point method, strict feasibility of the solution can be maintained and an 
optimized result can be achieved. This optimization technique has been programmed for this 
research. The program was used to study the high PV penetrated network of UQ Gatton campus 
(Figure 4.1). 
6.2.2 An Example Application 
To examine the optimization technique on the Gatton network, a program was developed in 
MATLAB [122]. A day long PV generation profile and load profile has been used without 
deploying an SVR to observe the sole impact of reactive power compensation. Figure 6.6 shows the 
PV output profile, voltage amplitude and reactive power compensation required.  
              
 
Figure 6.6 Daylong required reactive power compensation for the Gatton network 
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The above figure shows an average oscillating PV output profile in the first sub-figure. The real 
power generation can be seen to fluctuate quite rapidly in the 14-hour duration. The voltage has 
been maintained quite strictly within 1 pu to 0.99 pu [Figure 6.6(b)]. There are only 5 incidences in 
the entire day to have the most rapid voltage change of 1% across any of three phases. For quite a 
fluctuating PV output profile, this fluctuation is extremely low even when compared against the 
PFC-AMS solution results in Figure 6.5. The required reactive power compensation is at most 631 
kVAr on Phase-A [Figure 6.6(c)] to maintain this voltage profile [Figure 6.6(a)] at the end of the 
distribution network. 
From the results it is apparent that optimization techniques can provide decisively better voltage 
management. While the current optimization system only takes into consideration real power and 
reactive power control to maintain voltage, it can be further improved with voltage regulator 
control. However, this program has not been developed to include voltage regulators, which can 
provide a coordination scheme through the optimization. Voltage regulators and transformers have 
quite different ranges and configurations of impedance compared to the power lines. As a result, the 
optimization technique requires further operation to contain the iterative process in a manner such 
that a solution can be achieved. Therefore, this task to develop the operation to incorporate voltage 
regulators and transformers will be included in the future objectives. Although, this optimization 
does not provide a coordination scheme, it does offer the opportunity for a mathematical apparatus 
for precise control and a framework for the smart management system. 
6.3 Summary 
This chapter provides the processes and techniques to develop a smart management system. The 
smart management system was primarily based on the efficient coordination of the network 
elements in a power system. Detailed in Section 6.1, a management system was developed to 
coordinate between the SVR and inverter to mitigate the issues that were observed in Chapter 5. 
From Chapter 5, it was evident that the voltage magnitude would rise and slump beyond the 
acceptable limit once there is high PV system penetration into the distribution system. At the same 
time, tap operations increased tremendously and the fluctuations in voltage worsened significantly 
in the investigation. Therefore, the management system introduced inverter enabled power factor 
control initially to observe the level of improvement. Although there was significant improvement 
in voltage control, the number of tap operations was still staggeringly high. Next, the coordination 
scheme was employed in order to utilize the benefits of fast operating compensation devices and to 
reduce the number of tap operations. As the intuitive effort to coordinate proved to be quite 
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successful, the next step was to develop mathematical optimized schemes to offer precise control. 
Section 6.2 provides an optimization technique that can be deployed for three phase systems. The 
technique shows decisively better control by real and reactive power compensation to manage 
voltage at a certain point in the network. Although this optimization technique has not been 
extended to provide the benefits of coordination, it offers the platform to develop mathematically 
sound solutions, which is the objective of future endeavours. 
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Chapter 7 Conclusions and Future Work 
7.1 Conclusions 
This research work developed new methods and technical tools to analyze the effects of large-scale 
PV systems in unbalanced three-phase four-wire distribution systems and proposed new solutions to 
mitigate the undesired impacts. The study consisted of real-world scenarios and practical models so 
that the solutions can be extended to other applications as well. The contribution of this thesis has 
been explained briefly in the following points: 
 A comprehensive examination of a large-scale PV irradiation profile was conducted, the 
results of which provided detailed insights into the variability that PV systems face due to 
weather dependency. PV characteristics showed the expected generation from a practical 
solar array. This characteristic has been extended to a second large-scale solar array. The 
conventional aspect and the studied results have illustrated the significance of delineating 
real-world PV impacts on distribution systems. The comparison showed that the PV power 
output trend extracted from the study provides proper time dependent characteristics of PV 
variability, which in turn can be employed in practical power systems to assess the effects 
and conduct further research. 
 Secondly, one of the crucial elements of this research was the modelling and simulation of 
realistic distribution systems. There are numerous simulation tools available for power 
system analysis. However, there are drawbacks as well. To analyse realistic power systems, 
a three-phase four-wire examination should be enabled, which is not incorporated in most 
investigations without restricting quick access to different features such as steady state 
solution attainment, change of network design, observing comparison among systems etc. 
At the same time, time domain analyses that consider the sequential operation of certain 
devices and weather dependent irradiation profiles have not been conducted widely. 
Therefore, a power system analysis tool was developed to enable flexibility of 
implementation and the opportunity to include new device models. In addition, new devices 
were modelled for the distribution network under examination. Real world values of load 
demand and PV generation output were considered in order to conduct the practical power 
system analysis. 
 The next contribution of this work was the research on the interaction of a large-scale PV 
system with an SVR. An SVR is a compensation device that can improve the return on 
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utility investment by regulating voltage of distribution systems. However, an SVR can react 
quite harshly in the presence of high PV system penetration. Thus, the impact on the SVR 
and on voltage magnitude in a low voltage network with a PV system was demonstrated in 
this study. The quasi static analysis shows the long term as well as the daylong influence of 
a weather dependent solar array. The results showed that the PV system causes voltage 
fluctuations in the network. It has been found that a compensation device such as an SVR, 
although employed to control the voltage, ends up increasing the voltage issues in the 
presence of the PV system. A daylong assessment of voltage profiles of the interaction 
between the SVR and the PV systems provide a closer evaluation of the issues, and yearlong 
assessment confirmed the persistent nature of the issues. The issues are voltage magnitude 
beyond acceptable limits, excessive tap operation and voltage fluctuation beyond flicker 
standards. 
 The final portion of this thesis offers a smart management solution to high PV system 
penetrated distribution systems. The primary focus of the management solution was the 
coordination of the compensation devices. Compensation devices such as SVRs and 
inverters were employed simultaneously and operations were coordinated in such a manner 
that the capacity of the devices was utilized efficiently. The quick responsiveness of the 
devices was kept in mind and an intuitive solution was presented in order to mitigate voltage 
issues and reduce device operation. Later, an optimization technique using the interior point 
method was formulated to produce a mathematical basis for the coordinated management 
solution. The optimization technique was able to provide power injection and consumption 
analysis to specific nodes of a three-phase unbalanced network. Although the system 
requires further work to support distribution systems of more complexity, it provides a 
framework for future smart management system analysis. 
In summary, the research conducted in this thesis has addressed major concerns of voltage control 
for future distribution networks. The concerns are proper PV variability study, practical distribution 
system assessment, voltage magnitude control within acceptable ranges, minimal device operation, 
voltage fluctuation control within flicker standards, and efficient utilization of compensation 
devices to manage voltage levels. As distribution networks of the future are expected to consist of 
more renewable energy generators and more complex devices to manage networks, further tools and 
studies will be required to support such expansion. The results of this study provide a clearer picture 
of current high PV penetrated distribution networks and several tools that were developed for this 
study can be used as frameworks for future research. The thesis will contribute to both academia 
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and to practicing engineers in industry by highlighting the aspects that need to be considered when 
evaluating large-scale PV system integration into distribution networks. 
7.2 Future Work 
Future research work will focus on the following points: 
 The PV system output variability study should be done for different sizes and dimension 
ratios of solar arrays. A generic method to formulate the expected irradiation profile of any 
form factored PV farm should be developed to work on PV system integration into the grid. 
 Investigations should be conducted on PV connected distribution networks with battery 
storage systems. The cost of battery storage units are dropping to more affordable ranges, so 
in near future it might become a practical solution to store energy at times of surplus of PV 
power generation and deploy preserved energy when the demand is higher. Therefore, the 
impacts of battery storage with PV systems should be studied to determine sizing and siting 
concerns. 
 Along with the inclusion of battery storage, battery systems should be thoroughly evaluated 
in regard to coordinating them with other devices. As battery systems can inject and 
consume power much more quickly than some compensation devices, a mechanism should 
be developed to properly utilize the capacity of the device with cost effective use of the 
battery life cycle. 
 The optimization technique presented requires further study to include various features to 
simulate real-world scenarios. The system requires three-phase four-wire solutions as 
configured in distribution networks. There is a lack of support for regulators and 
transformers in the current optimization system and the system should be able to optimize 
for regulator usage by calculating tap position changes, voltage fluctuation, and battery 
usage by assessing the number of charge cycles. 
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